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ABSTRACT 

 

 Reproduction is among the most dynamic and rapidly evolving genetic systems 

across sexual taxa. However, the evolutionary mechanisms that drive reproductive traits 

during the early stages of species divergence are relatively unknown. Using a systems-

level, comparative functional genomics approach, I investigate the role of selection, drift, 

and genomic architecture in promoting the rapid divergence of reproductive systems in 

Drosophila. I develop a new comparative genomics database, flyDIVaS (Divergence and 

Selection in Drosophila), an updateable database for identifying patterns and processes 

involved in species conservation and divergence. I show that tissue-specific genes play a 

disproportionate role in driving species level divergence and, in particular, that genes 

specific to male reproductive tissue are among the most rapidly evolving. Using two 

deeply sequenced populations of Drosophila melanogaster, I reveal that adaptation is 

widespread among male-specific genes and identify local signatures of selection that 

have evolved in less than 500 years on sperm motility. In Drosophila mercatorum, a fruit 

fly capable of facultative parthenogenesis, I find recent signatures of protein changes 

involved with centrosomal and meiotic functions, and identify early genomic signatures 

of male degeneration. Among laboratory strains of Drosophila melanogaster, I identify 

adaptive signatures on neurogenic genes that have recently been domesticated during the 

last century. Finally, I explore the role of genomic architecture in shaping such 

reproductive functional systems by developing a novel hypothesis that rapid changes in 
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behavior, such as those found in diverse mating preferences, is a function of the size of 

the neurogenome. The results presented in this dissertation point toward the importance 

of selection, drift, and genomic architecture in driving rapid functional change which, 

together, promote the generation of species diversity via the formation of reproductive 

barriers in early species divergence. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

The extraordinary diversity of life, and the genomes that encode them—from 

viruses to bacteria to eukaryotes—is the result of variable yet persistent selective 

pressures acting at both the phenotypic and molecular levels. Central to this complexity is 

the concept of evolvability (Kirschner and Gerhardt 1998) and the interplay between 

conservation, divergence, and innovation among co-adapted networks of functional 

systems. Physiological importance, redundancy, and compartmentalization are just a few 

of the factors influencing a functional system’s capacity to evolve. Functional systems 

that are common to much of life, such as basic metabolic and cellular processes (e.g., 

Castillo-Davis 2004), are by definition shared and conserved. Such functional systems 

form conserved genetic networks that constrain genomic architecture via gene number, 

chromosomal position, and regulatory constraints. This paradigm of slow, gradual 

change, embedded in our evolutionary paradigm ever since Darwin (1859), is associated 

with lower levels of that all important evolutionary substrate, genetic variation, due to 

mutational biases or negative selection.  

1.1.1 Rapidly evolving functional systems 

A number of functional systems have been documented as rapidly evolving, 

exhibiting dynamic and often co-evolving phenotypes.  For example, immune system 

proteins, as a whole, are known to evolve rapidly upon interaction with pathogens, 
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allowing for species to survive in the face of novel maladies. Another strategy promoting 

rapid evolution includes expression level changes via heritable changes in regulatory 

networks, transcription factor binding, or copy number variation (Kirschner and Gerhart 

1998). While reproductive systems are essential to fitness, as a functional class they are 

also among the most labile. In fact, differences in reproductive traits were used as 

diagnostic features for species identification (Linneus 1758). For example, genitalia have 

been shown to be some of most diverse phenotypic traits among closely related species 

(Eberhard 1996). At the molecular level, reproductive systems are also known to be 

contain among the most rapidly evolving genes (Coulthart and Singh, Civetta and Singh, 

Singh and Kulathinal 2000; Swanson and Vacquier 2001; Wyckoff et al. 2002). In 

addition to the ability to rapidly evolve, the fraction of the genome covered by 

reproductive genes is estimated to be >50% (Singh and Kulathinal 2005).   

1.1.2 Sexual selection 

This well known pattern of rapid reproductive divergence has been hypothesized 

to be the product of sexual selection. Sexual selection, as a population-based evolutionary 

process, has been asserted to be a primary driver of population and species divergence 

(Carson 1997). arising adaptations are the direct product of the interplay between males 

and females or between males competing for a female’s attention (Darwin 1871) and can 

evolve rather quickly. For example, in the model of runaway sexual selection, Fisher 

(1930) showed that traits can rapidly diverge when female preference and male display 

genes are linked, thus accelerating the speciation process (Lande 1981). The presence of 

extraordinary and sometimes exaggerated sexual differences between taxa, particularly 
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closely related species, also provides strong evidence for the role of sexual selection in 

speciation. For example, Hawaiian Drosophila are known to exhibit drastic differences in 

such sexually dimorphic characters as mating behavior, song, and size (Carson 1986) and 

male genitalia across diverse taxa from mammals to insects have been documented to be 

among the most variable of external morphologies (Eberhard 1985). A growing number 

of courtship behavioral studies have also revealed the rapid, and sometimes drastic, 

phenotypic changes that are driven by sexual selection across sister taxa with many of 

these differences being adaptive (Shaw and Herlihy 2000; Naurin et al. 2011; Immonen 

and Ritchie 2012; Turner et al. 2013; Wessel et al. 2013).  

Some of the strongest evidence implicating sexual selection as a major driver of 

speciation derives from studies finding adaptive signatures in genes involved in post-

copulatory reproductive processes. Proteins found in egg-sperm interactions (Swanson 

and Vacquier 2002; Torgerson et al. 2003; Panhuis et al. 2006; Swanson et al. 2011), 

accessory gland transfer (Begun et al. 2000; Prout and Clark 2000; Swanson et al. 2001; 

Wong et al. 2008), as well as ovaries and testes that are associated with the development 

and overall fitness of sperm and egg have an overrepresentation of adaptive signatures 

(Singh and Kulathinal 2005; Haerty et al. 2007; Dean et al. 2008). These studies, along 

with numerous studies on the response of females to multiple male mating (e.g, Rice 

1996; reviewed in Partridge and Hurst 1998), reveal that sexual selection may be strongly 

acting in such postcopulatory mechanisms as sperm competition and sexual conflict 

(Birkhead and Moller 1998; Chapman et al. 2003).  

1.2 Drosophila as a comparative genomics model to study rapid evolutionary change 
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For over a century, Drosophila melanogaster has remained, arguably, the most 

powerful model organism to apply such approaches, providing a wealth of data in fields 

as varied as genetics, development, physiology, and evolution. D. melanogaster, at the 

beginning of the genomics era was among only a handful of species with fully sequenced 

genomes. Fortunately, D. melanogaster belongs to a large and genetically diverse 

taxonomic family, Drosophilidae, of over 2,000 species spanning nearly 60 million years 

of organismal and molecular evolution, with close ties to a prolific community of 

evolutionary geneticists interested in generating and analyzing genomic data. This rich 

phylogenetic taxon offers a diversified species pool to compare D. melanogaster with 

other congeneric species (Markow 2015), and provides a powerful tool to infer function 

across the genome from protein-coding regions to regulatory motifs. It was fortuitous that 

D. melanogaster was chosen as a genetic model over a century ago, surely without 

deference to its species-rich heritage.   

Now with over a dozen reference genomes spanning 80 million years of evolution 

characterized by dramatic phenotypic and behavioral differences involved in mating, and 

population level genomic data for >600 genomes in D. melanogaster, Drosophila 

provides an unprecedented genomic system to identify signatures of selection involved 

with mating. At a functional level, Drosophila provides an unparalleled toolkit for gene 

expression and manipulation as well high-throughput behavioral assays. As a model 

system, Drosophila provide a vast amount of genomic and transcriptomic data, with many 

known functional gene networks. 
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Figure 1.1: Phylogeny of Drosophila species with attributed NCBI data (as of August 
2015). Branching topology was created using PhyloT (http://phylot.biobyte.de). 
Completed genome assemblies are highlighted in blue. Drosophila species with a genome 
project in progress are highlighted in purple (from UCSD Species Stock Center, Genome 
Resources page). Data tracks surrounding the phylogeny corresponds to the log-
transformed number of NCBI entries in each species starting from the inside: nucleotides 
(green), proteins (black), SRA reads (blue), and PubMed literature (yellow).  

 

1.3 Chapter Aims 

In the following five chapters, I investigate how the genomic architecture�the 

patterns and process that both drive and maintain the genomic landscape�of reproductive 

systems impact phenotypic change during early species divergence, and vice-versa. In 

chapter 2, I use phylogenetically diverse genomes in Drosophila to study the effect of 

reproductive systems in driving selection and divergence between species. I confirm that 

immune and reproductive genes are amongst the most rapidly diverging functional 

classes, while highlighting the significance of tissue-specificity in selection. From these 
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analyses, I created a modular comparative genomics resource of Drosophila divergence 

and selection, flyDIVaS, based on the latest genomic assemblies, curated annotations, and 

orthology calls. This tool provides several research communities with a long awaited 

comprehensive database for biological inference and discovery, and a resource to help 

train the next generation of biologists. 

While flyDIVaS effectively captures signatures of selective pressures on rapidly 

diverged genes arise from as little as 2-3 million years (e.g., D. melanogaster and 

D.simulans), the speciation process begins at much earlier stages during the divergence of 

populations. In chapter 3,  I study the genomes of two diverse and deeply sequenced 

natural populations of D.melanogaster to elucidate the strength and class of selection on 

male- and female- reproductive specific genes. I find significant enrichment of positive 

selection and increased strength of selection in several male reproductive-specific 

proteins. Using FST as a proxy for population divergence, I identify one male class of 

genes, male reproductive-specific proteins expressed in sperm, with significantly higher 

differentiation. While the dearth of male classes is likely due to a lack of power (the two 

populations are only 500 years separated), this analysis revealed a lack of correlation 

between population differentiation (FST) and species divergence (dN/dS) among genes but 

not functional class, suggestive of consistent sexual selection on specific functional 

classes but not single genes via recurrent selection..  

While chapter 2 and 3 explore patterns and process involved with reproductive 

divergence, these results beg the question, how do evolutionary patterns and processes 

change in the absence of sex? In chapter 4, I utilize the classic model D. mercatorum, 
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known for its ability to undergo facultative parthenogenesis, to understand shifts in 

genomic architecture accrued during a switch towards asexuality. I identify several key 

candidates in understanding the genomic basis of parthenogenesis including key meiotic 

and centrosome genes while also touching upon potential consequences for the 

reproductive functional genome in landscape without males.  

Functional systems that undergo rapid evolutionary change provide an ideal 

opportunity to study evolution in action. In chapter 5  I investigated the evolutionary 

changes in genomic architecture as a response to laboratory domestication, in D. 

melanogaster domestication. Comparing genome sequences from laboratory and wild-

caught D. melanogaster, I identify derived SNPs found only in laboratory strains. I find 

an enrichment of neurogenic genes on the X chromosome, and across shared extended 

haplotypes. My results demonstrate the rapid rate of change that humans can 

inadvertently drive on other species within a short time frame and the importance of the 

interplay between selection and drift.  

Lastly, in chapter 6, I applied my functional comparative approach on 

understanding the rapid evolution of behavior, in the context of genomic architecture. I 

developed a broad hypothesis, which examined the relationship between mutation, 

genomic architecture, and evolvability. Exploring this novel “large-target hypothesis” 

across a broad set of animal taxa, I found a significantly enlarged neurogenome including 

much large gene sizes, coding regions, and more regulatory targets in neurogenetic genes. 

This hypothesis applies to a wide variety of animal taxa and has implications in the rapid 

nature of evolving behavioral differences in population divergence and speciation, the 
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evolutionary success of animal behavioral innovations, and offers insight into the 

etiology of neurodevelopmental and neurodegenerative diseases. 
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CHAPTER 2 

FLYDIVAS: A COMPARATIVE GENOMICS RESOURCE  

IN DROSOPHILA 

2.1 Abstract 

With arguably the best finished and expertly annotated genome 

assembly, Drosophila melanogaster is a formidable genetics model to study all aspects of 

biology. Nearly a decade ago, the 12 Drosophila genomes project expanded D. 

melanogaster’s breadth as a comparative model through the community-development of 

an unprecedented genus- and genome-wide comparative resource. However, since its 

inception, these datasets for evolutionary inference and biological discovery have become 

increasingly outdated, outmoded, and inaccessible. Here, we provide an updated and 

upgradable comparative genomics resource of Drosophila divergence and 

selection, flyDIVaS, based on the latest genomic assemblies, curated FlyBase annotations, 

and recent OrthoDB orthology calls. flyDIVaS is an online database containing D. 

melanogaster-centric orthologous gene sets, CDS and protein alignments, divergence 

statistics (% gaps, dN, dS, dN/dS), and codon-based tests of positive Darwinian selection. 

Out of 13,920 protein-coding D. melanogaster genes, ∼80% have one aligned ortholog in 

the closely related species, D. simulans, and ∼50% have 1–1 12-way alignments in the 

original 12 sequenced species that span over 80 million yrs of divergence. Genes and 

their orthologs can be chosen from four different taxonomic datasets differing in 

phylogenetic depth and coverage density, and visualized via interactive alignments and 
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phylogenetic trees. Users can also batch download entire comparative datasets. A 

functional survey finds conserved mitotic and neural genes, highly diverged immune and 

reproduction-related genes, more conspicuous signals of divergence across tissue-specific 

genes, and an enrichment of positive selection among highly diverged 

genes. flyDIVaS will be regularly updated and can be freely accessed 

at www.flydivas.info. We encourage researchers to regularly use this resource as a tool 

for biological inference and discovery, and in their classrooms to help train the next 

generation of biologists to creatively use such genomic big data resources in an 

integrative manner. 

  
2.2 Introduction 

Rates of phenotypic divergence vary greatly between functional classes. In many 

cases, functional divergence reflects the evolutionary rates of their underlying genes and 

proteins (Castillo-Davis et al. 2004; Lemos et al. 2005; Janecka et al. 2012). For 

example, conserved cellular processes such as growth, metabolism, and replication are 

encoded by some of the slowest evolving genes, alignable across kingdoms (Zhang and 

Li 2004; Peregrín-Alvarez et al. 2009). At the other end of the divergence spectrum, 

rapidly evolving immune-related genes in animals underlie highly dynamic host-parasite 

interactions that often lack traceable orthologs (Clark and Lazzaro 2012). Similarly, fast 

evolving sex-related genes code for highly diverged traits involved in sexual dimorphism, 

reproductive isolation, and species differences and are common across sexual taxa 

(Wyckoff et al. 2002; Swanson and Vacquier 2002; Singh et al. 2012). 
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While the comparison of aligned sequences between species provides a 

complementary molecular approach to study organismal diversity, it also differentiates 

the two faces of selection—negative and positive—acting on biological processes. 

Patterns of nucleotide divergence tell us much about the fitness effects of mutational 

perturbations on proteins and their associated functional systems. Extending our current 

comparative framework to the level of the codon, both the strength and direction of 

selection can be inferred by comparing the ratio of nonsynonymous substitutions per 

nonsynonymous site (dN) to synonymous substitutions per synonymous site (dS; Li et 

al. 1985; Saitou and Nei 1987). Genes harboring low dN/dS ratios reflect high levels of 

protein conservation across species as negative selection preserves protein function for 

conserved processes. Genes with orthologous codons exhibiting high dN/dS suggest that 

positive selection quickly drives the fixation of amino acids as organisms better adapt to 

their surroundings and to each other. Alternatively, high dN/dS may indicate a less 

substantive role of selection on preserving protein function. 

The increasing availability of genome assemblies has now made this molecular 

evolutionary framework a cornerstone of comparative and functional genomic analysis. 

Coupled with ever-expanding functional annotations (e.g., gene ontologies, tissue, 

developmental stage, etc.), we have increasing power to detect divergence signatures 

across biological processes. In fact, some of the most interesting findings from genome 

projects are the validation and/or discovery of new evolutionary patterns that illuminate 

the adaptive history of the sequenced species (e.g., Stapley et al. 2010; Radwan and 

Babik 2012). Various substitution models of dN/dS evolution can also yield insight into 
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the site heterogeneity of protein stasis and change, thus providing solutions to diverse 

biological problems ranging from conservation management (Crandall et 

al. 2000; Stockwell et al. 2003) to drug targeting and production (Allen et al. 2014). 

However, this comparative functional framework depends on a highly accurate set of 

assemblies with precise gene models. 

Over the last 15 yr, Drosophila has transformed from a premiere genetic model 

into among the most powerful genomic models with unprecedented resources and tools 

for comparative (Clark et al.2007), population (Mackay et al. 2012), and functional 

(Celniker et al.2009; Robinson et al. 2013; dos Santos et al. 2015) genomics. D. 

melanogaster was among the first eukaryotes with a “finished” genome (Hoskins et 

al. 2015) and expertly curated gene models across the phylogeny (dos Santos et al. 2015). 

Over a decade ago, fruit fly researchers from diverse fields collaborated to assemble, 

align, and annotate a dozen species of Drosophila spanning 80 million yr of evolution 

(Clark et al. 2007). An online resource known as the Drosophila AAA (Assembly, 

Alignment, Annotation) site was developed and curated by the Drosophila community as 

a temporary measure to provide immediate community access to this unique comparative 

genomics resource. As of 2016, over 1200 papers have cited the original Clark et 

al. (2007) publication, and researchers continue to analyze results from this important 

dataset even though D. melanogaster has undergone two major genomic assembly 

revisions, numerous genomic releases in the other sequenced species, and more than 50 

annotation updates. 
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Here, we present an updated, comprehensive comparative genomics resource of 

divergence and selection on protein-coding genes in 12 species of the 

genus Drosophila. flyDIVaS will be regularly updated in synchrony with the latest gene 

models from FlyBase and orthology calls from OrthoDB. Users will be able to choose 

between four taxonomic datasets (Figure 2.1) covering different phylogenetic and 

sequence depths. flyDIVaS_v1 provides: 1) 1:1 orthologous gene sets, 2) CDS and protein 

alignments including gap-masked alignments, 3) dN/dS estimates, and 4) results from 

codon substitution (site-specific) selection tests. Alignments and their resulting 

phylogenetic trees can be visualized online through interactive graphical features. We 

also present a preliminary analysis of divergence and selection across functional 

ontological categories and confirm previous observations of high immune and 

reproductive gene divergence, with stronger signal in genes that are tissue-specific. While 

highly diverged proteins are enriched in positive selection in the testis and ovary, they 

appear to be neutrally evolving in accessory glands. Our primary objective is to provide 

both researchers and students a freely available, gold-standard platform to explore the 

divergence and adaptive landscape across nearly 100 million yr of evolution. 

 

2.3 Materials and methods 

2.3.1 Data Sources 

Coding sequences (CDS and their translated protein) of the longest transcript 

were downloaded from FlyBase R2015_2 (http://www.flybase.org)  for each of the 12 

sequenced Drosophila species (Clark et al. 2007): D. melanogaster, D. simulans, D. 
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sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. persimilis, D. 

willistoni, D. mojavensis, D. virilis, and D. grimshawi. These data include the latest 

genomic release of D. simulans (Hu et al. 2013) and updated FB2015_02 annotations  

 
 
Figure 2.1: Phylogeny and taxonomic datasets of the 12 Drosophila species used in 
flyDIVaS.  Species are grouped into four major taxonomic groupings indicated by color: 
D. melanogaster and D. simulans (n=2, red), melanogaster subgroup (n=5, light blue), 
melanogaster species group (n=6, grey), 12 Drosophila Genome species (n=12, dark 
blue).  Males (right) and females (left) of each species are presented and scaled according 
to their relative size (images generated by Nicolas Gompel). 
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from NCBI’s GNOMON annotation pipeline (Souvorov et al. 2010), which integrates 

new RNAseq data for nine of the 12 species (Dmel, Dsim, Dyak, Dere, Dana, Dpse, 

Dwil, Dmoj, and Dvir). The number of unique CDS per species range from 13,920 in D. 

melanogaster to 16,466 in D. sechellia. 

2.3.2 Species groupings 

Due to divergence and incomplete genome assemblies, greater phylogenetic depth 

generally results in less alignment coverage. To provide users with a selection of species 

depths and sequence coverages, we generated four taxonomic datasets (Figure 2.1): 

1) Dmel-Dsim; 2) mel subgroup: Dmel, Dsim, Dsec, Dyak, and Dere; 3) mel 

group: Dmel, Dsim, Dsec, Dyak, Dere, and Dana; and 4) twelve species: Dmel, Dsim, 

Dsec, Dyak, Dere, Dana, Dpse, Dper, Dwil, Dmoj, Dvir, and Dgri. The Dmel-

Dsim species group offers the greatest genomic coverage of 11,278 1:1 orthologs 

spanning ∼18.6 Mbp, ∼15% of the entire D. melanogaster euchromatic genome, while the 

12 species set contains 6,040 1:1 orthologs covering ∼11.76 Mbp (Table 2.1). 

 
Table 2.1: Dataset summary. Summary of the four taxonomic datasets used 
in flyDIVaS_v1.1 
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� � � � Positive�selection�gene�fraction�(%)�

Taxonomic�
Dataset�

Number�of�
1:1�

orthologs�

Mean�
alignment�
coverage�

(%)�

Mean�
dN/dS�
(omega)�

M1a�vs�M2a�
(FDR�adjusted)��

M7�vs�M8�
(FDR�adjusted)�

D.�melanogaster�
and�D.�simulans� 11,278� 98.6� 0.205� NA� NA�

melanogaster�
subgroup� 9,169� 95.0� 0.129� 3.3�(2.4)� 4.2�(3.0)�

melanogaster�
group� 8,649� 92.1� 0.086� 2.3�(1.6)� 4.4�(2.7)�

Drosophila�12�
species� 6,040� 83.9� 0.065� 0.8�(0.4)� 9.6�(5.3)�

�

 
 

2.3.3 Alignment and analysis 

OrthoDB-derived D. melanogaster based orthologies for the 12 species were 

downloaded from FlyBase (Waterhouse et al. 2013; dos Santos et al. 2015) 

(gene_orthologs_fb_2015_02.tsv). For each of the four taxonomic groupings, 1:1 D. 

melanogaster pairwise orthologs were collected for divergence and selection analyses. 

Only genes with a single 1:1 ortholog for each species in that particular dataset were 

used. For example, the well known developmental gene, decapentaplegic (dpp), has a 

single ortholog in all 12 Drosophila species, and subsequently has both alignments and 

analyses for each of the four taxonomic groupings in flyDIVaS. On the other hand, the 

commonly studied gene, Alcohol dehydrogenase (Adh), has a duplication in D. 

yakuba and, thus, is not present in any taxonomic datasets other than the Dmel-

Dsim grouping. A summary of the four 1:1 orthology datasets is found in Table 1. 

For each taxonomic dataset, CDS was translated, and sequences were aligned 

using default parameters in MUSCLE v3.8.31 (Edgar 2004). Amino acid alignments were 

back-translated to the original CDS sequences and gap-adjusted via perl scripts to retain 
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inframe codons. To reduce alignment errors surrounding insertions and deletions that can 

negatively affect protein divergence and selection analyses (Markova-Raina and Petrov 

2011), we masked +/− three flanking nucleotides at each indel with Ns. Alignment 

statistics are found in Table 1, and the three generated alignment sets (protein unmasked, 

CDS unmasked, and CDS masked), as well as unaligned raw fasta files, are available via 

batch download at flyDIVaS (see below). 

Estimates of protein divergence and phylogenetic tests of selection are based on a 

codon substitution framework implemented by PAML (Yang 1997). Rates of 

CDS/protein evolution (dN; dS; dN/dS, often referred to as ω) were estimated using PAML 

model, M0. Tests for selection on protein-coding regions compared three nested pairs of 

site-specific models: 1) model M1a (neutral) vs. M2a (positive selection), 2) model M7 

(beta-distributed) vs. M8 (beta+ω>1) (Yang 1997), and 3) model M8 

(beta+ω>1) vs. model M8a (beta+ω=1) (Swanson et al. 2003; Wong et al. 2004). 

Confidence values for model comparisons were generated using a likelihood ratio test 

(LRT) against a χ2 distribution. False Discovery Rates (FDR) were generated using the q-

value package in R (Storey et al. 2015), with significance determined via a corrected P-

value < 0.01. Figure 2.2 provides a schematic of the flyDIVaS workflow. We stress that 

divergence estimates and selection tests using the 12 Drosophila species dataset should 

be met with caution due to the saturation of dS at this phylogenetic distance (see Box 2 

in Larracuente et al. 2008).  
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2.3.4 Database architecture 

flyDIVaS_v1 was developed using an open-source bootstrap architecture, and 

promotes an interactive user experience through multiple JavaScript plugins. The 

database is easily updateable and extensible due to an object- (i.e., gene-) centric data 

structure. The gene-centric schema also decreases computational time required client-side 

since data files are neither large nor complex. We use a newly available library of open-

source JavaScript plugins called BioJS (https://www.biojs.net). These bioinformatics 

plugins include client-based tools that allow the user to quickly scan the alignment and 

visualize the percentage conservation at each site. Additionally, we provide an interactive 

 
 

 
Figure 2.2: Data flow and analyses in flyDIVaS.  This database of Drosophila divergence 
and selection is based on 1:1 orthology calls of curated CDS fasta files from species of 
the 12 Drosophila Genome Project (Clark et al. 2007) referenced agains D. melanogaster. 

 

BioJS neighbor-joining tree plugin with collapsible internal nodes. For users with 

basic informatics skills, flyDIVaS provides complete alignment sets (both pre and 
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postmasked alignment files are provided, as are unaligned raw fasta files) and divergence 

and PAML analysis results for each taxonomic dataset on the Downloads page. 

2.3.5 Data availability 

All data necessary for confirming the conclusions presented in the article are 

represented fully within the article and at the flyDIVaSwebsite. The flyDIVaS database is 

freely available for noncommercial use at http://www.flydivas.info. 

 

2.4 Results and Disussion 

2.4.1 flyDIVaS: Divergence and Selection in Drosophila 

The genus Drosophila provides an ideal model to study the mode and tempo of 

evolutionary change. Here, we introduce flyDIVaS, a new online resource of divergence 

and selection on protein-coding regions across the fruit fly genus (Figure 2.3). With a 

dozen well-assembled and expertly annotated species, relatively small euchromatic 

genomes, and conserved synteny, Drosophila offers a rich trove of data with which to 

elucidate the molecular and evolutionary mechanisms of conservation and divergence. 

The initial dataset, generated over a decade ago (Clark et al. 2007), was applied to fields 

as diverse as development, physiology, and cell biology to better understand both pattern 

and process and, ever since, these data have served as a gold standard for both geneticists 

and genomicists interested in everything from evolutionary inference to structure–

function relationships. Newly assembled species (Hu et al.2013), more comprehensive 

RNAseq-based annotations (Chen et al.2014), and client-based database platforms, offer 
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a unique opportunity to develop a newly updated comparative genomics resource 

immediately accessible to a wider cast of researchers and research communities. 

flyDIVaS is freely available as a user-friendly online interface (www.flydivas.info). As a 

comparative genomics resource for discovery, flyDIVaS generates and provides 

alignments and selection analyses derived from community-curated resources via user-

friendly web tools. The home page is designed to quickly return precomputed data for 

currently annotated D. melanogaster genes using one of four taxonomic datasets of 

varying phylogenetic depths (2, 5, 6, and 12 species; Figure 2.3). The user queries a D. 

melanogaster gene, using an auto-fill search tool, based on current FlyBase synonyms 

from any of three accession types: FlyBase gene symbol, FBgn, or a “CG number”. The 

“species” dropdown menu automatically populates according to the extent of a gene’s 

orthology among the 12 Drosophila species. Once a gene and its associated dataset are 

chosen, divergence statistics and links are automatically displayed in the “Gene 

Summary” section. In addition, basic summary statistics for the entire dataset are shown 

in the “Dataset Summary” section, found directly below the color-coded, layered 

phylogeny (Figure 2.1). Our original intention was to provide a regularly updated portal 

for researchers to download comprehensive datasets from this unique comparative 

genomics resource, with users running analyses via their own inhouse tools. However, 

most geneticists are interested in a finite set of genes, and/or lack the necessary 

bioinformatics skills to handle large datasets (Pevzner and Shamir 2009; Welch et 

al. 2014) that are not readily accessible through graphical user interfaces (GUIs). To 

serve this large segment of the research community, we use the latest offerings of 
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JavaScript tools that are becoming increasingly available to biologists for data integration 

and visualization.  

 

 
 
Figure 2.3: flyDIVaS homepage.  Search tool allows users to select a Drosophila gene 
and one of four taxonomic datasets potentially available. Once these parameters are 
chosen, a summary of the gene and associated alignment, divergence, orthology, and 
selection test results are automatically generated. Phylogenetic view changes when a 
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taxonomic dataset is chosen. A summary of orthology, alignment, and divergence is also 
provided for the chosen dataset. An interactive JavaScript plugin is provided for users to 
explore alignment characteristics of their selected gene. Features not shown in figure 
include a gene-specific neighbor-joining tree (Saitou and Nei 1987) of the aligned 
sequences, and downloadable fasta files. flyDIVaS can be accessed at www.flydivas.info. 
 
 These open-source libraries allow biologists like us, without prior training in web 

development, to create online portals with the capacity to interactively visualize complex 

biological data. flyDIVaS uses BioJS, an open-source set of JavaScript libraries, to help 

visualize biological data across alignments and phylogenetic trees (www.biojs.net). 

flyDIVaS applies BioJS in two visual components: 1) an alignment viewer, allowing the 

user to visualize color-coded alignments of the selected gene, and 2) a basic neighbor-

joining phylogeny of the selected gene (Saitou and Nei 1987) allowing users to examine 

individual characteristics of the gene tree including branch lengths and to compare this 

gene tree with the canonical species tree (Figure 2.3). Furthermore, for each gene, we 

provide raw multi-fasta files for download so that users can perform alignments and 

analyses using their favorite bioinformatic toolkits. 

Integrating such web-friendly tools with large complex datasets may also expedite 

a much-needed pedagogical shift in the way that big data science such as genomics is 

taught in the classroom. flyDIVaS’ use of client-side processing elicits fast response times 

and little overhead on the web server, permitting scalable increases in database usage. 

Users with low broadband width will not suffer from long download times as each 

precomputed gene file is only ∼4 kB. flyDIVaS is particularly compatible with mobile and 

tablet devices providing accessible platforms in which students and scientists can readily 

explore comparative and evolutionary analysis results “on the fly”. 
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In addition to gene-specific queries, flyDIVaS provides bulk download access for 

informatics-savvy users to examine these data, en masse. A tarball (tar.gz) for each of the 

four taxonomic datasets is available on the “Downloads” page. Included are compressed 

sets of multi-fasta files for each alignment (both masked and unmasked) as well as raw 

CDS fasta files. flyDIVaS also provides tab-separated tables consisting of analysis results 

for the selection-based models including likelihood values for each of the models, chi-

square statistics from the likelihood ratio tests, and both regular and adjusted P-values for 

the model comparisons. The documentation file, “README_flyDIVaS.txt”, found on the 

Downloads page in flyDIVaS, details the analysis parameters provided. 

A major challenge in maintaining an up-to-date and topical genomic database is 

handling the constant moving targets of updated genome assemblies and annotations. 

flyDIVaS uses an automated pipeline to directly download standardized data from 

FlyBase for both orthology relationships (originally from OrthoDB) and annotated CDS 

sequences from the original 12 species. We plan to provide a major release each year, in 

consultation with FlyBase, with potential new offerings such as evolutionary rate 

covariation (e.g., Clark et al. 2012), network connectivity statistics, and lineage-specific 

tests of selection, depending on users’ needs. 

2.4.2 Conservation and selection in Drosophila 

Evolutionary rates vary greatly among genes and the proteins they encode. flyDIVaS, 

based on the best assembled and annotated genomes, serves as a foundational data 

resource for biological discovery. In this next section, we provide a precursory and 

annotated functional survey of genus-wide divergence and adaptive landscape 
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using flyDIVaS data. In each of the four taxonomic datasets, protein divergence is 

unimodally distributed, but heavily skewed with proteins dispersed along a relatively 

long tail of high divergence. As the number of species and overall phylogenetic depth 

increases, both mean dN and dS increase (Supplemental Material, Figure 2.12and Figure 

2.5) while mean dN/dS remains relatively constant (Figure 2.6), as expected. However, it is 

clear that the inclusion of more species reduces the overall variance in divergence 

estimates (Figure 2.7), highlighting the power of dense phylogenetic coverage such as the 

data provided by the 12 species dataset (e.g., distribution of P-values for tests of positive 

selection: Figure 2.8, Figure 2.9, Figure 2.10, and Figure 2.11). 

Our extensive survey of ontologies and tissues also demonstrate that mean rates of 

amino acid change vary across functional classes (Figure 2.12A). A large variety of gene 

ontological (GO) categories are conserved in biological processes (Figure 2.13), 

molecular function (Figure 2.14), and cellular components (Figure 2.15), as well as 

FlyBase-defined organismal and developmental ontologies (Figure 2.16 and Figure 2.17). 

Neural tissues  
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Figure 2.4: Distribution of omega (dN) across the four phylogenetic datasets. Color 
scheme described in Figure 2.1. 
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Figure 2.5: Distribution of omega (dS) across the four phylogenetic datasets. Color 
scheme described in Figure 2.1 
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Figure 2.6: Distribution of omega (dN/dS) across the four phylogenetic datasets. Color 
scheme described in Figure 2.1. 
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Figure 2.7: Violin plot of dN/dS across the four phylogenetic datasets. Color scheme 
described in Figure 2.1. 
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Figure 2.8: Distribution of p-values from the log-likelihood ratio statistic based on the 
selection model tests, M1a vs M2a (Yang 1997), for each set of orthologs of a given 
taxonomic dataset. 
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Figure: 2.9: Distribution of FDR-corrected p-values from the log-likelihood ratio statistic 
based on the selection model tests, M1a vs M2a (Yang 1997), for each set of orthologs of 
a given taxonomic dataset. 
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Figure 2.10: Distribution of p-values from the log-likelihood ratio statistic based on the 
selection model tests, M7 vs M8 (A-C; Yang 1997) and M8 vs M8a (D-F; Swanson et al. 
2003), for each set of orthologs of a given taxonomic dataset.  
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Figure 2.11: Distribution of FDR-corrected p-values from the log-likelihood ratio statistic 
based on the selection model tests, M7 vs M8 (A-C; Yang 1997) and M8 vs M8a (D-F; 
Swanson et al. 2003), for each set of orthologs of a given taxonomic dataset. 
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Figure 2.12: Functional analysis of divergence. (A) Gene ontology comparison for each 
of the four datasets showing the individual distributions of dN/dS in the top hierarchical 
ontological categories of Biological Process and rank ordered according to divergence. 
(B) Ranked distribution of dN/dS in selected tissues in the melanogaster group dataset. 
Genes labeled as “general” are expressed in > 50% of the examined tissues (open) and 
genes labeled as “specific” are expressed in a single tissue (gray). Astericks denote 
significant difference between general and specific tissue-expressed genes; ** P < 0.001, 
Wilcoxon rank-sum test. 
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Figure 2.13: Boxplots of divergence estimates based on FlyBase gene ontologies (GO) 
"Biological Process" across the four datasets. 
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Figure 2.14: Boxplots of divergence estimates based on FlyBase gene ontologies (GO) 
"Molecular Function" across the four datasets. 
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Figure 2.15: Boxplots of divergence estimates based on FlyBase gene ontologies (GO) 
"Cellular Component" across the four datasets. 
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Figure 2.16: Boxplots of divergence estimates based on FlyBase ontology "Organism" 
across the four datasets. 
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Figure 2.17: Boxplots of divergence estimates based on FlyBase ontology 
"Development" across the four datasets.  
  



   

 39 

including the brain, thoracicoabdominal ganglia, head, and eye contain more conserved 

genes on average (Figure 2.12B). In the six species dataset, the most conserved genes 

with a dN/dS of zero (i.e., no replacement changes) are enriched for mitotic and cell cycle 

processes, as seen in other taxa (Castillo-Davis et al.2004). 

Mean evolutionary rate variation among functional ontologies and tissues appears 

to be driven by the disproportional presence of highly diverged genes in each functional 

class (Figure 2.12, Figure 2.13, Figure 2.14, Figure 2.15, Figure 2.16, Figure 2.17, Figure 

2.18, Figure 2.19, Figure 2.20, and Figure 2.21). Such rapidly evolving genes and their 

associated functional classes may play an important role in species-specific differences 

due to a greater relaxation of selection or adaptation (Singh et al. 2012). As reported in 

previous literature, immune and reproductive ontological classes are among the most 

rapidly evolving functional groups (Figure 2.12A and Figure 2.13). Immune-related 

genes are hypothesized to coevolve through a continuous arms race with parasitic 

invaders (Singh and Kulathinal 2000; Wyckoff et al. 2002; Schlenke and Begun 

2003; Sackton et al. 2007; Singh et al.2012). Extracellular proteins—a large component 

of both immune and reproductive systems—are the most rapidly evolving cellular 

component class (Figure 2.17). In addition, the most diverged tissues include such male 

reproductive tissue as accessory glands and testes (Figure 2.12, Figure 2.18, Figure 

2.19, Figure 2.20, and Figure 2.21), both involved in sperm development and maturation, 

and a major component in sperm competition (Clark et al. 1995). In fact, the top 10% 

rapidly evolving proteins are enriched for genes that are upregulated in the testis 

(P < 0.001; χ2 ≈ 114.5).  
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Figure 2.18: Distribution of dN/dS in selected tissues in the Dmel-Dsim dataset. 
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Figure 2.19: Distribution of dN/dS in selected tissues in the melanogaster sub-group 
dataset. 
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Figure 2.20: Distribution of dN/dS in selected tissues in the melanogaster group dataset.  
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Figure 2.21: Distribution of dN/dS in selected tissues in the 12 species dataset.  
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While our results confirm a landscape of functional divergence that highlights the 

rapid evolution of immune- and reproductive-related traits (Haerty et al. 2007; Sackton et 

al. 2007; Singh et al. 2012), signals of divergence are strengthened when comparing 

tissue-specific genes. Figure 2.12B confirms previous studies in both mammals 

and Drosophila revealing a larger range of mean dN/dS estimates among tissue-specific 

genes compared to genes coexpressed in other tissues (Duret and Mouchiroud 

2000; Zhang and Li 2004; Haerty et al. 2007; Meisel 2011). For example, the subset of 

genes solely expressed in a single reproductive tissue (e.g., accessory gland-specific, 

testis-specific, ovary-specific) has a significantly larger mean dN and dN/dSthan genes that 

are expressed in the same tissue and coexpressed in other tissues (Figure 2.12B, Figure 

2.18, Figure 2.19, Figure 2.20, and Figure 2.21). On the other end of the distribution, 

brain-specific genes are less diverged, in agreement with studies in mammals (Duret and 

Mouchiroud 2000; Wang et al. 2007). 

The higher tissue-specific divergence pattern can be explained by two alternative 

hypotheses: 1) less functional pleiotropic constraints, or 2) stronger positive selection. 

Supporting the latter hypothesis, we found a significant enrichment of positively selected 

genes in the highest 10% of diverged genes in terms of dN (M7 vs. M8: P < 0.001; χ2 ≈ 

12.7, M7 vs. M8a: P < 0.001; χ2 ≈ 35.0) and dN/dS (M7 vs. M8: P < 0.001; χ2 ≈ 48.2, 

M7 vs. M8a: P < 0.001; χ2 ≈ 96.2) based on the same site-specific phylogenetic selection 

models (M7vM8 and M7vM8a), and using the six-species melanogaster group dataset. 

However, whether this adaptive enrichment is driven by biased detection power due to a 

greater number of substitutions remains to be tested. An enrichment analysis also found a 
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significant overrepresentation of positive selection in testis-specific genes in the 

M7 vs. M8 model test (P < 0.01; χ2 ≈ 5.5) but not in M7 vs. M8a (P ≈ 0.25; χ2 ≈ 1.32). 

Interestingly, the most rapidly evolving tissue, accessory glands, was not enriched in 

genes (either general or tissue-specific) evolving under positive selection 

(M7 vs. M8: P ≈ 0.370; χ2 ≈ 0.83, M7 vs. M8a: P ≈ 0.54; χ2 ≈ 0.37), indicating a greater 

role of relaxed selection across this highly divergent class of proteins. Thus, rapidly 

evolving genes involved in such species-specific traits such as male fertility may be the 

result of an interplay between neutral and selective forces across a dynamic network of 

coadapted and newly coopted proteins (Kulathinal and Singh 2012). 

 

2.5 Conclusions 

D. melanogaster has metamorphosed from a powerful genetic tool into an 

invaluable genomic model, providing substantive insight across broad biological fields. 

Much of this transformation was made possible by sequencing related species of 

the Drosophila phylogeny (Clark et al. 2007), thereby generating a powerful comparative 

resource to identify novel functional units in D. melanogaster and precipitate new 

discoveries in evolutionary biology. flyDIVaS provides an updated and updatable 

database of comparative genomics based on the latest assemblies, orthology calls, and 

expert, community-based annotations of a dozen phylogenetically diverse fruit flies. 

At www.flyDIVaS.info, users can access gene-specific divergence and selection profiles 

or download entire comparative genomics datasets from a choice of four taxonomic 

groups. A preliminary functional survey supports results from previous literature 
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including highly conserved mitotic, cell cycle and neural genes, the rapid evolution of 

immune and reproductive genes and genetic systems, strong tissue-specific signatures of 

divergence, and a role for positive selection in driving amino acid divergence in certain 

tissues. We strongly encourage users to explore their genes, genetic systems, and fly 

genomes of interest, and to provide comments and requests to improve flyDIVaS for its 

next release. 
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CHAPTER 3 

PERVASIVE ADAPTATION ACROSS THE MALE GENOMIC 

LANDSCAPE IN DROSOPHILA MELANOGASTER  

3.1 Abstract 

Male reproduction expresses some of the most diverged characters found between 

closely related species, highlighting its potential role in promoting reproductive isolation 

and species formation. Whether this general pattern of rapid male evolution is driven by 

adaptive or neutral processes in certain reproductive classes remains unknown and may 

provide new insight into the primary drivers that promote speciation. Here, we estimate 

divergence, selection, and differentiation across the functional genomic landscape of 

Drosophila melanogaster relative to its sibling species, D. simulans. Between species, 

both male and female reproductive classes of gonadal-specific genes show significantly 

increased levels of divergence compared to non-reproductive tissue-specific genes, as 

previously reported. Applying a McDonald-Kreitman framework of divergence and 

polymorphism, we find significantly higher estimates of selection (Nes) and an 

enrichment of positive selection among several classes of male-specific, but not female-

specific, reproductive genes. We further find signals of local adaptation across the broad 

class of male-specific genes in two very recently diverged populations of D. 

melanogaster.  While sperm-specific genes were the only functional class to exhibit 

significantly high differentiation between populations (FST), a strong correlation did not 

exist between the strength of selection and FST. Overall, our results point towards the 
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interplay of drift and selection in driving sperm protein divergence during the early stages 

of population differentiation. 

 
3.2 Introduction 

Sexual selection presents a potent diversifying force in taxa where males and 

females constantly evolve innovative strategies to increase their fecundity and overall 

reproductive fitness (Andersson 1994; Andersson and Iwasa 1996; Holland and Rice 

1998). Charles Darwin proposed sexual selection as an extension of his theory of natural 

selection to explain large conspicuous differences in secondary sexual characters between 

conspecific males and females (Darwin 1859b; 1871). Today, sexual selection is 

recognized as encompassing a comprehensive range of sexually dimorphic traits from 

courtship and territorial defense calls (Dobzhansky 1937; Miller and Svensson 2014) to 

sperm competition at the level of gametes (Parker et al. 1972; Rice 1996). Yet, although 

an elaborate collection of sexually selected traits has been collated by researchers, many 

more characters remain either cryptic or too subtle to be detected by the human observer 

(Eberhard 1985). Thus, we still know very little about sexual selection’s significance 

relative to natural selection including its role as a primary adaptive process, the functional 

traits it primarily acts upon, and its capacity as a driver of reproductive isolation. 

While the relative impact of sexual selection on phenotypic change remains 

unknown, a pronounced pattern of rapid male divergence is thought to support the 

presence of prolific sexual selection (Coulthart and Singh 1988; Carson 1997). Among 

sexual taxa, it is well-known that male characters tend to be more divergent (Rundle et al. 

2005), derived, and sometimes maladaptive (e.g., peacock’s tail, male antlers, large 
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sperm) when compared to female traits as well as non-reproductive traits (Kirkpatrick 

1987). Male traits, particularly those involved in genital morphology, are often quite 

different between closely related species and are regularly used as a diagnostic to 

differentiate between otherwise cryptic sibling species (Eberhard 1985). In addition, male 

traits appear to be preferentially involved in postzygotic (e.g., Haldane 1922) 

reproductive isolation, alluding to the rapidity male character change in generating hybrid 

incompatibilities (Coyne and Orr 2004). This pattern of rapidly evolving male traits 

directs us toward to the male-driven nature of sexually selected traits that includes both 

male-female interactions and male-male competition (Singh and Kulathinal 2005). 

Rapid male divergence is also observed in the underlying genes that encode these 

traits. Genes involved in sex and reproduction encode some of the most rapidly evolving 

proteins with proteins involved in male reproduction among the most diverged (Wyckoff 

et al. 2000; Swanson et al. 2001; Miller and Pitnick 2002; Swanson and Vacquier 2002; 

Parsch and Ellegren 2013). Genome-wide surveys from mice to Drosophila demonstrate 

that genes encoding complex male morphologies, male-bias (Ellegren and Parsch 2007), 

and protein domain’s specifically expressed in males (Neville et al. 2014), are prone to 

evolve at a rapid rate (Wyckoff et al. 2000; Grassa and Kulathinal 2011). Reproductive 

proteins span a range of reproductive classes from gamete production (Fitzpatrick and 

Lüpold 2014; Fisher et al. 2016) to fertilization (Good et al. 2013) to behavioral 

preferences (Neville et al. 2014) and often provide newly derived function.  

However, since most comparisons demonstrating rapid male evolution uses 

estimates of divergence between species, it is difficult to decipher whether these genes 
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are evolving rapidly during the earliest stages of species differentiation and on a single 

lineage, as expected if sexual selection is acting locally within populations. Furthermore, 

this pattern of high divergence could be explained either by selective forces driving this 

pattern or by sexually selected traits being simply less evolutionarily constrained. In fact, 

the role of adaptation in speciation has been a long-standing question in evolutionary 

biology (e.g., Dobzhansky 1937). Muller (Muller 1942) and Mayr (Mayr 1963) 

hypothesized that selection can indirectly generate reproductive isolation. For example, 

when independently diverged populations meet, reproduction isolation may occur via 

deleterious Dobzhansky-Muller interactions (Muller 1942; Mayr 1963; Turelli and Orr 

1995; Kulathinal and Singh 2008) and, thus, may indirectly play a causative role in 

speciation. On the other hand, Carson (Carson 1994) claims that speciation can be 

directly driven by selective mechanisms, particularly sexual selection. 

In this paper, we provide a comprehensive survey of genetic variation across the 

protein landscape to evaluate whether selection has driven the evolution of reproductive 

proteins in early species divergence. The extensive genomic resources of D. 

melanogaster, a species with many sexually selected candidate genes already identified 

(Lawniczak and Begun 2004; Swanson et al. 2004; Innocenti and Morrow 2010), provide 

an unmatched system to study divergence, selection, and differentiation within a 

functional lens. First, we confirm that genes from both male and female reproductive 

classes with high tissue-specificity are rapidly evolving between D. melanogaster and its 

closely related species, D. simulans. 11,278 protein-coding genes, representing ~80% of 

the proteome with 1-1 orthologs, were functionally assigned as reproductive based on 
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their patterns of tissue expression, defined ontological class, and sex-biased expression. 

Mean divergence estimates, dN and dN/dS, are significantly higher in most of the ten 

reproductive classes when compared to non-reproductive genes. Second, we find 

pervasive signatures of positive selection in male reproductive classes of proteins in a 

deeply sequenced population of D. melanogaster. Male genes involved in sperm and 

expressed in testes were more likely to show signals of Darwinian selection than female 

and non-reproductive classes in which purifying selection predominated the genomic 

landscape.  Third, we observed signals of very recent local adaptation when comparing 

two well-sampled populations. Significant interpopulational differences in selection 

intensity (Nes) and FST are seen in male reproductive classes with sperm motility genes 

showing the largest differences. Overall, our comprehensive population and functional 

genomics analysis using deeply sequenced populations supports a genomic landscape in 

which its large male component is driven by adaptive processes most likely caused by 

sexual selection, and sperm competition in particular. 

 

3.3 Materials and methods 

3.3.1 Functional gene annotations.   

A full genomic complement of coding sequence (CDS) from D. melanogaster 

R5.9 was downloaded from FlyBase (www.flybase.org). Ten functional gene sets were 

created which defined six male and four female non-mutually reproductive classes. (i) M-

sperm (male sperm proteins, n=1,108). This collection of genes was identified from a 

proteomic analysis of sperm proteins (Wasbrough et al. 2010). (ii) M-sfp (male seminal 
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fluid proteins transferred into females, n=130). These male-derived genes include 

proteins secreted by male accessory glands (Acps), ejaculatory duct, and ejaculatory bulb 

and were identified from a proteomic analysis in post-mated females (Findlay et al. 

2009). (iii) M-spermdev (male spermatogenesis GO genes, n=405). These genes were 

identified by a gene ontology (GO) query of the term, “spermatogenesis”, in FlyBase 5.9. 

(iv) M-testis (male testis-expressed genes, n=2427). This large gene set identifies “highly 

expressed” using FlyBase’s RNAseq profile tool (Gelbart and Emmert 2010). (v) M-acp 

(male accessory gland expressed genes, n=1466). These genes are “highly expressed” in 

accessory glands relative to non-accessory gland tissues, again, using FlyBase’s RNAseq 

profile tool (Gelbart and Emmert 2010). (vi) M-biased (male-biased gene expression, 

n=3224). This large gene set comprises genes that are significantly more expressed in 

males than females (Hansen and Kulathinal 2013). (vii) F-reptract (female reproductive 

tract proteins, n=175). These proteins were identified in microarray and proteomic 

screens of the female lower reproductive tract (Mack et al. 2006) and include genes 

encoding candidate female interactors of male seminal fluid proteins (SFPs) and sperm 

proteins. (viii) F-eggdev (female oogenesis GO genes, n=1026). These genes were 

identified by a gene ontology (GO) query of the term, “oogenesis”, in FlyBase 5.9. (ix) 

F-ovary (female ovary-expressed genes, n=1626). This gene set identifies “highly 

expressed” genes in ovaries relative to non-ovary tissues using FlyBase’s profile tool 

(Gelbart and Emmert 2010). (x) F-biased (female-biased gene expression, n=1521). This 

large gene set comprises genes that have a significantly higher expression in females than 
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males (Hansen and Kulathinal 2013). All other protein-coding genes that don’t fall in any 

of the above ten reproductive classes (i-x) comprise the non-reproductive class. 

3.3.2 Further refinement of functional classes: tissue-specific and gonadal-specific.   

Previous studies have demonstrated that tissue-specificity plays a strong role in 

driving genetic signatures of divergence and selection (Haerty et al. 2007; Stanley and 

Kulathinal 2016a). To further refine the above ten reproductive classes, we leveraged 

standardized expression data from FlyAtlas’ library of microarrayed tissues (Robinson et 

al. 2013) to redefine each functional as tissue-specific. For each gene, we applied a 

conservative tissue-specificity threshold as defined by tau >= 0.95 (Yanai et al. 2005). 

This approach permits the inclusion of male or female reproductive genes that are 

specifically expressed in tissues including the testes, ovary, and the brain.  

Finally, we create two additional gonad-specific classes, male-gonadal-specific 

and female-gonadal-specific, defined by genes having a tau >= 0.95, where the tissue 

with the highest expression was, respectively, male (testis or accessory gland) or female 

(ovary or spermathecae). The number of genes exhibiting tissue-specificity from each of 

the ten reproductive classes, as well as the two classes of male-gonadal-specific and 

female-gonadal-specific is found in Table 3.1. 

3.3.3 Population genomic sources and coverage filters.   

D. melanogaster population genomic data were downloaded from the Drosophila 

Genome Nexus, v1.1 (DGN,  Lack et al. 2015). Our analysis uses two deeply sampled 

populations: i) a Zambia population, representing an African population from D
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Table 3.1.  Species divergence, adaptation, and population differentiation across 
functional classes with tissue-specificity in Drosophila.  Reproductive classes include ten 
tissue-specific classes (six male: M-spermdev, M-biased, M-sperm, M-SFP, M-testis, M-
ACP, and four female: F-ovary, F-biased, F-eggdev, F-reptract) with genes that have a 
tau>0.95 based on FlyAtlas tissue expression. Male and female gonadal-specific classes 
(in boldface) comprise of, respectively, all male and all female reproductive genes with a 
tau>0.95 in which the highest expressed tissue is either testis or accessory gland (male 
gonadal-specific) or either ovary or spermathacae (female gonadal-specific). Non-
reproductive tissue-specific genes with a tau>0.95 are listed as “Other tissue”. 
 

Tissue 
# of 

genes 
% total 

proteins 
# pos 

sel 
% pos 

selection 
Avg 

dN/dS 
Avg. 

Gamma 
Avg. 
Fst 

M-spermdev specific 35 0.25% 19 54.29% 0.26 1.21 0.04 

M-biased specific 1154 8.28% 279 24.18% 0.28 0.84 0.04 

M-sperm specific 174 1.25% 38 21.84% 0.13 0.75 0.05 

M-sfp specific 26 0.19% 5 19.23% 0.32 0.66 0.06 

Male Gonadal specific 2141 15.37% 382 17.84% 0.22 0.53 0.04 

M-testis. specific 622 4.47% 109 17.52% 0.25 0.78 0.05 

M-acp specific 190 1.36% 27 14.21% 0.28 0.64 0.04 

F-ovary specific 40 0.29% 5 12.50% 0.17 0.29 0.04 
Female Gonadal 
specific 2052 14.73% 170 8.28% 0.18 0.11 0.04 

F-biased specific 109 0.78% 8 7.34% 1.10 0.06 0.04 

Other tissue specific 1182 8.49% 49 4.15% 0.15 -0.04 0.05 

F-eggdev specific 36 0.26% 1 2.78% 0.18 -0.16 0.03 

F-reptract specific 0 0.00% 0 0.00% 0.00 0.00 0.00 
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melanogaster’s putative ancestral origins (Lachaise et al. 1988) and ii) a Raleigh, North 

Carolina population, representing a recently derived population from the New World. To 

identify derived states, each base pair across 150 randomly sampled individuals each 

from Raleigh and Zambia populations (total n=300) was compared to genomes from 

other extant global populations of D. melanogaster and D. simulans alignments (Stanley 

and Kulathinal 2016b). Briefly, a genome-genome alignment of D. simulans V2 (Hu et 

al. 2012) against the D. melanogaster R5 assembly was performed using the default 

parameters of Progressive Mauve (Darling et al. 2010).   

Coverage filters for missing data are used to minimize sampling biases. For each 

base pair, at least 75% of the samples from each population from the DGN (n≥112 per 

population) and an aligned D. simulans outgroup that is used to infer ancestral state must 

contain a non-ambiguous nucleotide with no more than two alleles present. All singleton 

SNPs in D. melanogaster are excluded to reduce the contributions of sequencing error.  

3.3.4 Estimating selection coefficients via a McDonald-Krietman framework.   

To evaluate the impact of tissue-specificity among reproductive proteins on 

divergence and selection, we classify our ten functional groups using a dN/dS approach.  

While reproductive proteins have been characterized using dN/dS previously, we apply 

more granular classes of reproductive tissue-specificity (Haerty et al. 2007; Stanley and 

Kulathinal 2016a). dN/dS estimates for 1:1 orthologs between Dmel  and Dsim were 

downloaded from flyDIVaS database (Stanley and Kulathinal 2016a).Only genes in which 

there is sufficient genomic coverage within the populations (see genomic filters above) 

and alignment coverage (Stanley and Kulathinal 2016a) is used in these analyses.  
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To estimate the direction and magnitude of selection acting on proteins, we use a 

McDonald-Kreitman framework (McDonald and Kreitman 1991) incorporating both 

polymorphism and divergence data. Using this framework, we apply the Bayesian 

implementation of a genome-wide McDonald-Kreitman test of selection using SnIPRE 

(Eilertson et al. 2012). Specifically, we applied SnIPRE to estimate the strength of 

selection (γ) and to classify protein divergence as the product of selection (positive or 

negative) or relaxed constraints (e.g., neutral) from estimated parameters of strength of 

selection and constraint (β). SnIPRE is robust to demographic history as it contrasts 

individual gene information to that of genome-wide estimations (Eilertson et al. 2012). 

Traditional counts of divergent vs. polymorphic, and synonymous vs. non-synonymous 

sites were estimated via python scripts and BioPython modules (python code available 

upon request). Codons for which there were two different mutations were ignored due to 

difficulty in classifying the mutational path leading to non-synonymous and synonymous 

changes.  

3.3.5 Estimating levels of population differentiation.   

Variant sites were further characterized using FST, a measure of population 

differentiation. Using 150 individuals from each of the Zambian and Raleigh populations, 

FST was estimated at each polymorphic site using Hudson’s FST estimator (Hudson et al. 

1992; Bhatia et al. 2013). 

3.4 Results  

Divergence between species.  To evaluate the role general (expressed) and tissue-

specific (i.e., tau >= 0.95) functional classes play in driving genetic divergence, we 
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compared the distribution dN/dS of each reproductive functional class to non-reproductive 

proteins.  Similar to previous results (Hearty et al. 2007; Stanley and Kulathinal 2016b), 

genes generally expressed (i.e., not expressed specifically in reproductive tissues) do not 

show significantly higher dN/dS than genes expressed in non-reproductive tissues (Figure 

3.1).  

 

 
Figure 3.1. Genetic divergence among reproductive classes between the sibling species, 
D. melanogaster and D. simulans.  Boxplots of divergence (omega=dN/dS) between the 
closely related species, D. melanogaster and D. simulans, for each functional group. 
Darker box in each functional class represents tissue-specific subset. 

 

One exception to these findings was male-biased genes, which exhibited 

significantly higher dN/dS (P-value < 0.01; WRST + Bonferroni) similar to previous 

findings that male-biased genes are rapidly evolving (Zhang et al. 2004; Stanley and 

Kulathinal 2016a). Tissue-specific gene classes also confirm previous studies: all male 

tissue-specific genes, except sperm-specific, show significantly higher dN/dS values 
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(P<0.001; WRST + Bonferroni). In contrast, although all female reproductive groups 

show increased dN/dS with tissue-specific expression, only female-biased genes revealed a 

significant increase in dN/dS (P-value <0.01; WRST + Bonferroni). 

Selection analysis within populations.  To understand the underlying evolutionary 

forces driving Dmel v Dsim divergence, we use a genome-wide McDonald-Kreitman 

framework (Eilertson et al. 2012) to classify selective pressures on proteins in D. 

melanogaseter. Because this approach requires an estimate of divergence, we use a 

recently assembled assembly of the D. simulans genome (Hu et al. 2012) and genome 

alignment to D. melanogaster v5 (Hu et al. 2013; Stanley and Kulathinal 2016b). The 

African population (Zambia) represents the diverse ancestral form of Dmel, while the 

sampled population from Raleigh, North Carolina provides a validation step, and allows 

us to test for local selection.  

Using SnIPRE independently on each of the two populations, we found similar 

numbers of genes under selection in Zambia and Raleigh (Figure 3.1). In the Zambian 

population, we found 601, 10,709, and 1,101 genes with signatures of, respectively, 

negative, neutral, and positive selection. Similarly, we found 539, 11,061, and 811 genes 

showing signatures of respectively negative, neutral, and positive selection in the Raleigh 

population.  With respect to positive selection, we identify ~4.2%, and ~3.2% of genes in, 

respectively, Zambia and Raleigh exhibiting J > 2 which is indicative of strong 

directional selection.  Species level tests of selection and divergence have previously 

shown that tissue-specificity is a significant factor in positive selection in Drosophila 

(Haerty et al. 2007; Stanley and Kulathinal 2016a). We found that gonadal-specific genes 
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in both male and female reproductive systems are consistent with these findings even 

when separating these genes into specific-tissue expression profiles (see above). 

Comparing these gonadal-specific genes with control genes specific in non-reproductive 

tissues, we characterize levels of selection (Figure 3.3, 3.4).   

 
 
Figure 3.2.  Selection vs. constraint effects from SnIPRE model.  (A) Zambia (B) 
Raleigh, North Carolina. 
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Figure 3.3.  Intensity and direction of selection across reproductive classes in a D. melanogaster Zambian population. (A) Proportion 
of genes within each functional group classified as the result of positive selection (red), neutral evolution (green), and negative 
selection (blue). (B) Distributions of estimates of selection coefficients for each functional group. Individual data points displayed as 
color-coded dots left of each boxplot. Color of dots denote direction of selection (positive=red, neutral=green, negative=blue). 
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Figure 3.4 Intensity and direction of selection across reproductive classes in a D. melanogaster Raleigh population. (A) Proportion of 
genes within each functional group classified as the result of positive selection (red), neutral evolution (green), and negative selection 
(blue). (B) Distributions of estimates of selection coefficients for each functional group. Individual data points displayed as color-
coded dots left of each boxplot. Color of dots denote direction of selection (positive=red, neutral=green, negative=blue).  
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Male-gonadal specific genes expressed in sperm-development, sperm, testis, and M-

biased gene classes are enriched for positive selection (P-value < 0.01 + Bonferroni 

Table 3.2). Although ACPs and SFPs as functional classes are not significantly enriched 

for positive selection, a large fraction exists. However, due to the small sample size, 

statistical power is lacking. 

 

Table 3.2:  Top ten genes with highest selection coefficient (gamma) in Zambia 
population from male gonadal-specific class.  Genes are ranked according to gamma 
(Nes) and include dN/dS, FST, and chromosomal location. All genes are characterized as 
positively selected under SnIPRE (Eilertson et al. 2012). 
 

FlyBase Gene Id Gene Name Chromosome Gamma dN/dS Fst 

FBgn0034554 CG10958 X 7.533 0.595 0.066 

FBgn0032314 CG7309 2L 6.443 0.236 0.044 

FBgn0031853 TTLL3B 2L 5.818 0.058 0.007 

FBgn0030918 CG15056 X 5.736 0.013 0.000 

FBgn0053233 CG33233 3L 5.482 0.155 0.000 

FBgn0030620 CG5662 X 5.479 0.220 0.019 

FBgn0013809 Dhc16F X 5.383 0.041 0.000 

FBgn0038568 CG14315 3R 5.076 0.174 0.000 

FBgn0030004 CG10958 X 5.040 0.051 0.000 

FBgn0004372 ally 3L 4.766 0.282 0.000 

 

Local selection can be identified if recent adaptive events in one population are 

isolated by barriers to gene flow among populations. For the three general functional 

classes, male-gonadal specific, female-gonadal specific, and non-reproductive specific 

genes, we estimate 'J, in order to identify population-specific levels of selection. 'J 

ranges from ~0.0 to ~7.2 suggesting a wide range of local selection. When examining 'J 
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by functional category, male-gonadal specific genes are significantly higher than non-

reproductive specific genes  (P < 0.001, WRST) and female-gonadal specific genes 

(P<0.001, WRST; Figure 3.5; Figure S3.6).  

To understand potential phenotypes under strong directional selection driving 

differences male gonadal tissues, we characterized the 10 genes with the highest values of  

J (Table 3.3), We find a significant enrichment of these genes on the X chromosome  (P 

< 0.01; F2 = 8.794). Interestingly, within these 10, 6 genes are known to play a role in 

sperm motility (Wirschell et al. 2013; Wandernoth et al. 2015). 

Population differentiation.  FST is a commonly used metric that identifies SNPs 

and regions of the genome where populations exhibit greater levels of diversity between 

groups compared to within. Using a modified estimate of FST from Hudson (Hudson et al. 

1992), we characterize each gene by estimating average pairwise FST between Raleigh  

 

Table 3.3:  Top ten differentiated male gonadal-specific genes ranked by FST. Genes in 
boldface have been previously annotated for sperm motility in the literature 
 

Gene Fst Delta Gamma Selection (Zambia, Raleigh) dN/dS Tissue 

FBgn0052832 0.28743209 0.557 neut, neut 0.0757 Testis, Sperm, M-biased 

FBgn0035724 0.212514968 0.500 neut,neut 0.0106 Testis, Sperm, M-biased 

FBgn0034104 0.205856239 0.042 neut, neut 0.2928 Testis, Sperm, M-biased 

FBgn0036784 0.202667856 0.820 pos, pos 0.0801 Testis, Sperm, M-biased 

FBgn0030691 0.164102564 0.694 pos, neut 0.0531 Testis, Sperm, M-biased 

FBgn0029993 0.133465079 0.260 pos, pos 0.0825 Sperm, M-biased 

FBgn0052436 0.127243629 0.240 neut, neut 0.0262 ACPs, Sperm, Testis,M-biased 

FBgn0030449 0.108260346 0.215 neut, neut 0.0942 Testis, Sperm, M-biased 

FBgn0034684 0.106255628 0.473 neut,neut 0.1037 Sperm, M-biased 



   

 64 

 

 

 

 

 
 
 
 
 
 
Figure 3.5: Differences in gamma (delta gamma) between two populations among male-
specific, female-specific, and non-reproductive functional classes. To identify local 
selection between the two populations, Zambia (African ancestral) and North Carolina 
(North American derived), the absolute value of the difference in gamma was calculated 
for each gene in each of the three functional classes: male-specific (blue), female-specific 
(red), and non-reproductive (black). (“*” indicates significance according to P<0.05. “**” 
indicates significance according to P<0.01.) 
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Figure 3.6: Distribution of selection coefficient (gamma) in two D. melanogaster populations.  (A). Zambia (B). Raleigh, North 
Carolina. (C) Delta gamma.
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and Zambia. Using only the subset of genes classified as tissue-specific (see Materials 

and Methods), we estimated FST for each gene using only non-synonymous mutations to 

further eliminate potential noise cause by synonymous, relatively non-functional 

mutations. No significant clustering of increased FST values where found in a particular 

genomic region. Although a reduction in effective population size led to an increased role 

of genetic drift, no significant enrichment of high FST values on the X chromosome 

(Figure 3.7A; Figure 3.84). 

To evaluate the effect of gonadal-specificity on population differentiation, we 

compared genes with different specificities. Although a slight increase in FST is observed 

among female-, and male-gonadal specific tissues, no significant differences are found 

between classes (P-value > 0.5, WRST + Bonferroni; Figure 3.7B). However, 

significadifferences emerge when gonadal-specific genes are separated by individual 

functional class. Only gonadal-specific genes expressed in the sperm show significantly 

higher levels of FST (P-value < 0.01, WRST-Bonferoni; Figure 3.7C). Within the top 10 

percent of FST  for male-gonadal specific genes, we find no significant enrichment for 

gene ontological classes. Additionally, no significant gene ontology enrichment is found 

for the top 10% of FST values for genes expressed in sperm. Further examination of the 

genes with the highest FST values in male-gonadal specific genes shows no enrichment of 

positive selective genes. Even when looking only at the top 10 genes ranked by FST, only 

two genes show signals of positive selection in Zambia and Raleigh, less than that 

expected by chance
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Figure 3.7:  Population differentiation (FST) and selection class of genes from two 
populations of D. melanogaster.  (A) Distribution of FST and selection across 
chromosomes. Genes are color-coded according to their SnIPRE-characterized selection 
class as estimated from a Zambian population (positive selection: red; neutral: green; 
negative selection: blue). (B) Boxplot of male (blue), female (red), and non-reproductive 
(gray) functional classes for each of negative, neutral, and positive selection classes. (C) 
Boxplot of FST across reproductive (tissue-specific) classes. Male classes are denoted in 
blue, female classes are denoted in red, non-reproductive classes are denoted in gray.  
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Figure 3.8:  Distribution of FST across chromosome.  (A) All tissue specific genes (B) 
Malegonadal-specific genes (C) Female gonadal-specific genes. 
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Although there is no significant enrichment for positive selection in gonadal-

specific sperm genes in the top ten FST genes, two genes show signals of positive 

selection in both Raleigh and Zambia. These genes (CG5103, CG1571) possess gene 

models but remain relatively unannotated other than expression evidence in gonads. In 

other species, these genes are known to play significant roles in sperm motility (Perl 

2007). For example, the CG5103 mouse ortholog, Tkt, is also highly expressed in the 

testis and causes male sterility due to malfunctioning mitochondria in sperm cells when 

Tkt expression is repressed (Perl 2007). Dnaic2, the mouse ortholog of CG1571, also 

plays an important role in sperm motility via the outer dynein arm complex which is 

essential to cilia and flagellar motors (Dong et al. 2014; Pereira et al. 2014). 

3.5 Discussion 

Functional genomic patterns of variation offer powerful insights into the selective 

conditions that existed in the past. A well-known pattern demonstrated across diverse 

groups of taxa is that male traits and genes are highly diverged (Carson 1997; Wyckoff et 

al. 2000; Swanson and Vacquier 2002; Singh and Kulathinal 2005; Kulathinal and Singh 

2008; 2012) It has been suggested that this functional pattern of divergence is driven by 

sexual selection within populations. However, direct evidence that population-level 

adaptations causes species-level divergence is lacking. In addition, quantitative estimates 

of the strength and scope of selection on male genes within a population remain 

unknown, making it difficult to assess sexual selection’s relative contribution as a driver 

of speciation. 
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Here, we compare the functional landscape of adaptive change across protein-

coding genes involved in various components of male and female reproduction in two 

populations of D. melanogaster—an ancestral African population and a recently derived 

North American population—and the closely related species, D. simulans. Natural 

populations provide context-specific conditions for evolutionary forces to independently 

act in a lineage-specific manner, thus, drawing a more direct link to its selective past. To 

our knowledge, this study is one of the first attempts to connect species level divergence 

to selective forces at the population level. We find pervasive levels of adaptation on 

male-specific genes that are significantly different in magnitude and number when 

compared to female-specific classes as well as non-reproductive tissue-specific functional 

classes (Figure 3.2). While a one-to-one relationship between selective coefficient and 

dN/dS is not observed, similar male functional classes have a higher fraction of positively 

selected genes and high dN/dS. The lack of correlation between gamma and dN/dS points 

toward a selective model where the functional network, and not the gene, is under 

constant selection within a lineage. 

Sexual selection may play a pre-eminent role in not only generating the 

spectacular diversity of adaptations found within lineages that make each species unique, 

but also in increasing the potential for species to be reproductively isolated from each 

other (Carson 1997). Our results of pervasive sexual selection extends the classic Muller-

Mayr allopatric model of speciation, positing that these adaptations indirectly incur 

independent but pleiotropic consequences on the development of reproductive isolation 

(Muller 1942) and Mayr (Mayr 1963). 
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A variety of sexual selection mechanisms can drive rapid divergence including 

sperm competition, and sperm-egg co-evolution (Clark et al. 2009). Selection on 

reproductive traits and genes is expected to be a very dynamic process (Miller and 

Svensson 2014), yet our understanding of the adaptive dynamics that exist among 

reproductive genes and genetic networks in each population is very much incomplete. In 

addition, although an extensive set of tissues in D. melanogaster is represented in the 

form of RNA sequencing data, our functional annotations of complex reproductive 

tissues is still precursory. For example, testes and ovaries contain hundreds of cell 

subtypes that include relatively undifferentiated germ cells to fully matured gametes. 

Examining genes that are found in the top ten highest gamma within male gonadal 

tissue, (i.e., strongest level of selection), we identify several genes involved in sperm 

motility (Table 3.2). The enrichment of these genes on the X chromosome is not 

surprising, as it has been shown hemizygosity allow pervasive selection for male traits on 

the X. Of the ten genes, six genes (CG10958, CG7309, CG10958, TTL3B, Dhc16F, ally), 

are known to function in sperm motility. For example, TTLL3B and Dhc16F) are both 

known to play functional roles the sperm axoneme, an assemblage of motor and linker 

proteins driving sperm motility (Lawniczak and Begun 2004; Swanson et al. 2004; 

Wasbrough et al. 2010). 

Interestingly, while several of these genes have high gamma values, they do not 

exhibit high levels of divergence (omega). This is a trend seen throughout the datasets 

and highlights the potential role of functional systems, opposed to the single gene. This 

results adds to a growing group of literature focused on the importance of protein 
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networks potentially driving evolution of complex phenotypes (Abouheif and Wray 2002; 

Azevedo et al. 2006; Ram and Wolfner 2009; Hansen and Kulathinal 2013) 

Although Charles Darwin’s two greatest discoveries were the origin of species 

(Darwin 1859) and sexual selection (Darwin 1871), he never linked together the two 

concepts of between species divergence to within populations diversity and adaptation. 

While his nominalist perspective treated speciation as a slow and gradual process, 

Darwin also didn’t envision the full spectrum of sexually selected traits that could drive 

the evolution of reproductive isolation. Rapidly evolving male reproductive characters 

offer a dynamic system to study the relationship between within species adaptations and 

between species diversity. 
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CHAPTER 4 

THE GENOMICS OF ASEXUALITY IN THE FACULTATIVE 

PARTHENOGENETIC FRUIT FLY, DROSOPHILA MERCATORUM 

4.1 Abstract 

Parthenogenesis is a reproductive strategy used by females to produce viable 

diploid offspring under certain environmental stresses, such as when males are scarce. 

Although this form of asexuality has been observed in a variety of taxa including fish, 

reptiles, and insects, relatively little is known about its genetic basis, as well as the 

genetic and phenotypic impact of transitioning from sexuality to asexuality. Here, we 

develop a genomic resource to help study the transition between sexual and asexual 

reproductive modes in the facultative parthenogenic fruit fly model, Drosophila 

mercatorum. We assemble a high-quality de novo genome reference with 11,934 

annotated protein-coding genes, map whole-genomes of multiple sexual and 

parthenogenetic strains including recently outbred lines, and identify differentially 

expressed genes from RNA-sequenced males and females. Using these genomic 

resources, we confirm gamete duplication as the primary mechanism mode of 

diploidization in asexual D. mercatorum females and report candidate genes that may be 

involved in gamete duplication during parthenogenesis. Comparing fixed, non-

synonymous SNPs in stocks that are capable vs. incapable to undergo parthenogenesis, 

we observe a significant enrichment of meiotic genes involved in centrosome formation. 

While sex-biased gene expression is generally conserved across Drosophilidae, among 
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parthenogenetic females we identify genes that are newly female-biased significantly 

enriched for DNA replication and known to be involved in follicle formation and 

maturation, as well as a loss of male-biased expression in functional classes involved in 

sensory perception and sperm formation. High-resolution chase and touch behavioral 

assays confirm significant reductions in male mating vigor when D. mercatorum males 

are presented with either sexual or facultative parthenogenetic females. This study 

provides a novel set of integrated genomic resources that will advance our understanding 

of the transition from sexual to asexual reproductive states.  

 
4.2 Introduction 

Parthenogenesis, or reproduction without fertilization, occurs across a diverse 

set of taxa, with species capable of parthenogenesis divided into two types, obligate and 

facultative. Obligate parthenogenetic species can only reproduce via asexuality, while 

facultative parthenogenetic species can reproduce either asexually or sexually. While 

parthenogenesis is rarely known to be obligatory, facultative parthenogenesis provides 

a “last resort” reproductive strategy when the availability of males is low, resulting in 

impaternate offspring. Examples of facultative parthenogenesis can be found naturally 

across a diverse group of invertebrate and vertebrate taxa (e.g., rotifers: (Gomez and 

Carvalho 2000), daphnia: (Huylmans et al. 2016), beetles: (SMITH 1971), scorpions: 

(Lourenço 2008), reptiles: (Cole 1975), fish: (Vrijenhoek 1994), sharks: (Dudgeon et al. 

2017)). In the laboratory, parthenogenesis has also been induced in several species of 

mammals such as cattle (Kharche et al. 2013).  



   

 75 

Although asexual reproduction is observed in many groups of animal taxa, two 

evolutionary challenges have likely precluded it from becoming a common primary 

mode of reproduction. First, without sexual reproduction, deleterious alleles will 

accumulate without a mechanism to purge a growing mutational load, leading a species 

to undergo “Muller’s ratchet” and eventually become extinct (Muller 1932; 1964; 

Felsenstein 1974). Second, the lack of genetic variation in clonal lineages presents an 

ecological challenge as adaptation to new environments and stresses will be limited 

since variation can only arise via de novo mutations and not through the recombination 

of existing variation (Maynard Smith 1971). On the other hand, there are several 

evolutionary advantages to asexual reproduction. First, asexual populations do not 

suffer the two-fold cost of sex (Smith and Maynard-Smith 1978) in which only half of the 

population can produce offspring. Second, asexual species have reductions in the cost of 

cellular machinery, time required for meiosis, phenotypic and cellular overhead of 

fertilization, and mate searching, and this saved energy can be utilized elsewhere 

physiologically. Finally, and perhaps most importantly, facultative parthenogenesis 

provides an immediate strategy to sustain a population when the number of suitable 

mates is dramatically reduced.  

The switch from sexuality to asexuality presents difficult challenges of its own 

across genetic, cellular, and organismal levels. In cases where offspring are produced 

through sexual reproduction, parthenogenetic offspring harbor significantly higher rates 

of developmental failure (Eisman and Kaufman 2007). For successful parthenogenesis to 
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occur, a female must be able to manipulate the meiotic process so that another haploid 

amount of genetic material is created or derived from another cell and merged to form a 

complete diploid cell. There are several known mechanisms that enable a haploid germ 

cell to become diploid without fertilization (Figure 4.1).  

 

Figure 4.1: Modes of parthenogenesis in Drosophila. Schematic depicting the three paths 
to offspring produced via parthenogenesis. Gamete duplication is the proposed, primary 
mechanism in D. mercatorum. 
 

In one mechanism, a cell undergoing meiosis may fuse two polar bodies into one. 

Fusion can occur in either of two ways depending on the geometry of the fused cells: 

terminal fusion and central fusion. Terminal fusion combines two uniparental nuclei to 

produce a homozygous gamete, whereas central fusion combines nuclei from separate 

parents to generate a heterozygous individual (Eisman and Kaufman 2007). Fusion 

occurs after chromosomes in the polar bodies have recombined, thus, providing a mixed 

mosaic of parental genomes in the products of both terminal and central fusion. 

Alternatively, a haploid gamete may simply duplicate its genome through a mechanism 

called “gamete duplication”, transitioning directly from a haploid germ cell to a diploid 
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cell. Even if diploidization successfully occurs, other obstacles for successful 

parthenogenesis remain. In particular, the machinery for proper organization and 

movement of the chromosomes within the cell including the centrosome is normally 

provided by sperm cells from males, so this process will need to be compensated 

(Riparbelli and Callaini 2003).  

Several species of Drosophila have been previously demonstrated to be capable of 

parthenogenesis. While only one species, D. mangeberiai, is known to be obligately 

parthenogenetic, at least forty other species of Drosophila have been reported in the 

literature to be capable of parthenogenesis, albeit at typically very low frequencies 

(Markow 2013). At a 6–8% success rate, D. mercatorum has the highest known rate of 

facultative parthenogenesis in Drosophila (Carson 1967) and has been maintained in 

several laboratories in an asexual state for upwards of fifty years. Following the 

pioneering work of Stalker (1956) and Carson (1967), D. mercatorum became a focal 

system to study mechanisms of parthenogenesis with key features of its genetics, 

behavior, and life history traits uncovered. D. mercatorum could easily be cultured in the 

laboratory after being caught in the wild (Carson 1967; 1973; Templeton et al. 1976). 

From both cytological and genetic experiments, Carson (1973) determined that the 

dominant mechanism of diploidization in D. mercatorum occurs via pronuclei (i.e., 

gamete) duplication. More recently, Eisman and Kaufman used a cytological approach to 

study failure in D. mercatorum parthenogenesis (Eisman and Kaufman 2007). They 

found that while the duplication of chromosomal material was often successful (~35% of 
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the time), the crucial component of centrosomal capture and maturation is particularly 

prone to failure and, thus, the rate of successful parthenogenesis lies closer to 6%. 

Many other phenotypic differences are observed between parthenogenetic and 

sexual D. mercatorum strains beyond basic cellular meiotic machinery. Lamb and Willey 

(1979) found reduced hatching rates while Kramer and Templeton (2001) discovered that 

parthenogenic strains have an increased generation time, supporting Stalker’s (1956) 

theory that parthenogenesis in Drosophila provides a temporary species survival 

mechanism when access to males is reduced (Kramer and Templeton 2001; Stalker 

1956). Without males in the population, theory also predicts that purifying selection on 

male reproduction and mating behavior will be relaxed (Smith and Maynard-Smith 

1978). Indeed, the time till mating among parthenogenetic females is known to be 

significantly longer compared to sexual females (Carson et al. 1982). 

In this paper, we apply a genomics approach to study the facultative 

parthenogenetic fruit fly, D. mercatorum, and the genetic factors that contribute to the 

shift towards asexuality. Specifically, we generated a high-quality reference assembly to 

facilitate the study of differences between sexual (male and female) and parthenogenetic 

(only female) strains of D. mercatorum. A total of 11,934 proteins were annotated and 

used to identify orthologous relationships across a broad set of phylogenetically diverse 

Drosophila species. By genotyping a controlled cross, we confirm that gamete 

duplication is the primary mode of diploidization. Filtering fixed SNPs between multiple 

parthenogenetic and sexual lines including recently outcrossed strains, we find a 

significant enrichment of genes harboring non-synonymous changes that are involved 
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DNA replication and spindle fiber formation. In parthenogenetic females, we observe a 

gain of female-biased expression in genes involved in follicle cell maturation, when 

compared to sexual females, suggesting the need for upregulated follicular expression in 

parthenogenesis. Similarly, differentially expressed genes between males and 

parthenogenetic females reveal a loss of male-biased expression in genes involved with 

sensory perception and sperm motility potentially indicative of relaxed selection on male 

genes. A relaxation in selection is consistent with results from our high-resolution 

behavioral tracking on males exposed to parthenogenetic females compared to sexually 

reproducing females that show a two-fold decrease in chase and touch behaviors. Overall, 

the development of these new resources in D. mercatorum provides an important 

genomic toolkit to gain further insight into the genetics of parthenogenesis. 

4.3 Results 

4.3.1 Genome assembly 

We generated a de novo genome assembly using males derived from a single, 

sexually reproducing inbred strain of D. mercatorum (Hawaii 15082-1521.22) using three 

different short-read libraries (see Materials and Methods). Briefly, we used 

SOAPdenovo2 (Luo et al. 2012) to assemble contigs using both 100 bp and 250 bp 

paired-end read libraries and a 100 bp mate-pair library for scaffolding. Using the two 

sequencing runs for assembly and the additional 100 bp mate-pair library for scaffolding, 

we created a final genome assembly of 190.4 Mbp, with a contig N50 of 5.7 kbp and a 

scaffold N50 of 600kbp from 82 scaffolds (Figure 4.2A; Table 4.1).  
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Table 4.1: Assembly statistics for D. mercatorum genome.  Summary statistics for the 
reference D. mercatorum genome assembly and annotations used throughout the study.. 

 

Genome size ~180,000,000 bp 

Assembly size 190,443,073 bp 

Assembly size (without N) 174,305,713 bp 

# of scaffolds 163,412 

Longest scaffold 2,945,985 bp 

Scaffolds >10Kb 802 (0.49%) 

Scaffolds >100Kb 250 (0.15%) 

Scaffolds > 1Mb 42 (0.03%) 

GC content 40.31% 

N50 scaffold 599,152 bp (82) 

# of genes (evidence) 9,517 

# of genes (evidence or pfam) 11,934 

 

 

The genome size of D. mercatorum was previously estimated to be 180 Mbp–200 Mbp. 

In total, ~54 billion base pairs of sequence data were collected, resulting in an average 

genome coverage of 312x (see Table 4.2 for sequencing details). To further evaluate our 

assembly, both the 100 bp and 250 bp paired-end libraries were mapped back to the draft 

assembly using BWA (Li and Durbin 2009).  
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Table 4.2: Specific details for Next-generation sequencing protocols.  Specific details for next-generation sequencing on strains used 
throughout the project.

 
 

Stock Barcode Machine Length Special Library Prep 

Size 
Selection 
or Insert 
Size (bp) 

Used in 
Assembly? 

Total FASTQ 
Reads 
(pairs) Approx total bp 

Read pairs 
aligned  

Approx 
Depth of 
Coverage 

Hawaii AGTTCC HiSeq 100bp pe  Kapa kit, double SPRI size selection 625 Y 125,326,349 25,065,269,800 --  139x 

Hawaii CTTGTA HiSeq 100bp pe Mate-pair Nextera Mate-Pair Sample Prep Kit 2-15k Y 74,593,440 14,918,688,000 --  83x 

Hawaii AGTTCC MiSeq 250bp pe  Used Library from S2116 625 Y 16,759,065 8,379,532,500 --  47x 

Hawaii TGACCA HiSeq 100bp pe RNA, males   N      

             

Africa CGATGT HiSeq 150bp pe RapidSeq HTP Kapa 423 N 80,907,703 24,272,310,900 55,797,131 69% 135x 

Brazil TGACCA HiSeq 150bp pe RapidSeq HTP Kapa 416 N 71,116,856 21,335,056,800 49,704,686 70% 119x 

Parth03 CCGTCC HiSeq 150bp pe RapidSeq HTP Kapa 424 N 65,535,526 19,660,657,800 44,294,447 68% 109x 

Parth05 ATCACG HiSeq 150bp pe RapidSeq HTP Kapa 419 N 48,057,438 14,417,231,400 33,135,760 69% 80x 

             

Dmerc-8A CGATGT NextSeq 150bp pe HighOutput HTP Kapa 784 N 29,077,222 8,723,166,600 23,628,741 81% 39x 

Dmerc-8C TGACCA NextSeq 150bp pe HighOutput HTP Kapa 781 N 32,286,654 9,685,996,200 25,255,753 78% 42x 

Dmerc-8D ACAGTG NextSeq 150bp pe HighOutput HTP Kapa 795 N 24,462,378 7,338,713,400 16,482,138 67% 27x 

Dmerc-7A GCCAAT NextSeq 150bp pe HighOutput HTP Kapa 997 N 195,658,978 58,697,693,400 176,745,597 90% 295x 

Dmerc-9D CAGATC NextSeq 150bp pe HighOutput HTP Kapa 929 N 158,141,738 47,442,521,400 141,780,154 90% 236x 

Dmerc-Parth-w- TTAGGC NextSeq 150bp pe HighOutput HTP Kapa 713 N 23,656,728 7,097,018,400 17,949,910 76% 30x 



   

 82 

 

 
Figure 4.2: Draft genome assembly and annotation of D. mercatorum.  (A) Contig N50 
values for kmers ranging from 41-107. Highlighted kmer (95) used in final assembly. (B) 
Block alignment for syntenic regions between D. mercatorum draft assembly and D. 
melanogaster Release 5. (C) Phylogeny of seven Drosophila species representing major 
clades used to identify 1:1 orthologs using reciprocal best blast hit approach. Numbers of 
1:1 ortholog relationships identified to the rightside of specific terminal node. 
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89% of quality trimmed 100-bp reads and 91% of quality trimmed 250-bp reads mapped 

back to the assembly with a quality score greater than 20.  

We evaluated scaffold co-localization and synteny against the well-assembled 

reference genome, D. melanogaster (version dm3), by performing syntenic mapping via 

SyMap v4.0 (Soderlund et al. 2011). Approximately 80% of the D. melanogaster genome 

was covered by 457 syntenic blocks, with 32% covered by at least two different syntenic 

blocks (Figure 4.2B; Table 4.3). Approximately 300 syntenic blocks were larger than 100 

kb, with 31 blocks sized > 1M and < 10MB. 

  

Table 4.3: Syntenic relationship statistics between D. mercatorum and D. melangogaster.  
Block statistics for syntenic regions between Dmerc K95 and Dmel R5. 
 

Ref. 
species # of blocks % cov. % double 

cov. Inverted <100kb 100kb – 
1Mb 

1MB -
10MB >10MB 

Dmel 457 80 32 182 147 279 31 0 

 

4.3.2 Gene annotation and orthology 

Using a combination of transcriptomic, comparative data, and ab initio annotation 

software, we annotated the newly assembled D. mercatorum reference genome and 

generated a comprehensive set of gene models. Applying the Maker annotation pipeline, 

we identify 21,471 putative proteins. All proteins were computationally validated using 

known pfam domains and PANTHER (Mi et al. 2017). Of the 21,417 putative proteins, 

11,934 proteins were highly supported, containing a known pfam domain or significant 

support in PANTHER (Figure 4.3). 
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Figure 4.3: Annotation quality assessment.  Graphs depicting overall quality of 
annotations identified using the MAKER pipeline. (A-B) Genes within final gene set with 
support (eval <1x10-7) from Panther and Pfam domain databases. (C) Cumulative 
fraction of annotations for given annotation edit distance score. 
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To assess conservation levels of genes across a range of Drosophila taxa and to 

further validate our genome annotation, we identified orthologous relationships among 

genes across seven Drosophila species (D. melanogaster, D. pseudoobscura, D. 

annanasae, D. mojavensis, D. grimshawi, D. virilis, D. willistoni). We identified a 

minimum of 9,682 1-1 orthologous relationships between D. mercatorum and these other 

seven taxa (Figure 2C). Because D. mercatorum is most closely related to D. mojavensis, 

consistent with the observation that the number of 1-1 orthologs decreases with 

phylogenetic distance from D. mojavensis (Figure 2C). Using D. melanogaster, one of 

the most completely annotated model organisms, we identified 9,944 1-1 orthologs and 

used this conserved set for functional annotation in our genomic and transcriptomic 

analyses. 

4.3.3 Genetic variation and SNP calling 

Six strains of D. mercatorum (three sexual strains: Hawaii, Brazil, Africa; three 

facultative parthenogenetic strains: Parth03, Parth05, and Parthw-) were aligned to the 

reference genome using BWA.  Alignment statistics of each strain to the reference are 

found in Table 4.2. Using the draft assembly as a reference, we called SNPs using GATK 

HaplotypeCaller (Van der Auwera et al. 2013). SNPs were filtered by quality score and 

heterozygosity. With a minimum quality score of 30 and mapping quality of 20, the 

number of SNPs per strain compared to the reference ranged from ~122 Kbp to ~880 

Kbp. Individual SNP counts per strain are found in Table 4.4. 
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Table 4.4: Identified SNPs from different sexual and parthenogenetic D. mercatorum 
strains.  Number of identified SNPs for each D. mercatorum strain using the GATK 
pipeline. 
 
 

Strain  # of SNPs 
Africa 823,676 
Brazil 1,207,833 
Hawaii 828,355 
Parth 03 721,506 
Parth 05 908,440 
Parth W- 122,613 
ParthHet-Dmerc-7A 499,601 
ParthHet-Dmerc-8A 76,036 
ParthHet-Dmerc-8C 114,802 
ParthHet-Dmerc-8D 55,833 
ParthHet-Dmerc-9D 443,623 

 

4.3.4 Genetic mapping of factors promoting parthenogenesis 

To identify the genetic variants that promote parthenogenesis and estimate its 

frequency, we conducted a miniature mapping study. Using the white-eyed marker, we 

outcrossed w- parthenogenetic females with multiple w+ males to recover heterozygous 

w+ F1 females from which we could identify females capable of parthenogenesis in the F2 

generation. While this approach is not as powerful other mapping strategies such as 

population mapping (Lack et al. 2016), the impact of increased time to copulation for 

sexual males and parthenogenetic females would violate random mating and other 

assumptions. Recovered heterozygous w+ female F1 progeny were placed in individual 

vials without males and the number of offspring produced recorded. Of 305 F1 females 

recovered, ~34% produced at least one progeny via parthenogenesis.  

The above genetic cross also enabled an empirical test of the mode of 

parthenogenesis. Using females from the F1 generation that were found to be capable of 

parthenogenesis, we tested whether their subsequent offspring produced via 



   

 87 

parthenogenesis were homozygous for one of the parental genotypes. Using six loci that 

are mapped to four separate genomic scaffolds, genotypes for one outcrossed strain (and 

3 of her progeny) were identified using the polymerase chain reaction and subsequent 

Sanger sequencing. In each of these six markers, all heterozygous sites from the maternal 

sequence were homozygous in all three offspring, supporting gamete duplication as the 

primary mode of diploidization (Figure 4.1). In addition to sequencing validation, visual 

markers can also be used to test for the mode of diploidization (Figure 4.1). With gamete 

duplication, we would expect half of all offspring to display white eyes resulting from 

progeny in the F2 generation. Comparing the F2 generation across two different groups 

(group a: n=27; group b: n=85), 44%, and 56% of offspring, respectively, displayed white 

eyes. These results do not reveal significant differences between the number of progeny 

with white and red eyes (gene conversion events and recombination are not considered).  

4.3.5 Identifying candidates for parthenogenesis 

T To identify candidate genes involved in parthenogenesis, we identified ~190K 

SNPs unique and shared only with parthenogenic strains (n=3). While this provides a 

significant reduction compared to the number of unique SNPs captured from a single 

strain, this large number provides a challenge in identifying enriched functional 

categories. To further narrow down the number of functional SNPs underlying 

parthenogenesis, we leveraged the genomes of several of the outcrossed parthenogenetic 

lines described above. From the 310 outcrossed F1 generation capable of parthenogenesis, 

we additionally sequenced five unique lines from the F2 generation. Detailed sequencing 

protocols are found in Table 4.2. After filtering for quality and mapping using the GATK 
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pipeline (see Materials and Methods), we identified 865 fixed SNPs found in all lines 

capable of parthenogenesis and absent from the sexual strains from Hawaii, Brazil, and 

Africa. We then characterized these SNPs by genomic location. Within the set of 865 

fixed SNPS, 65% were found in intergenic regions, 18% in introns, 11% in exons, and 

3% in 5’UTRs and 3% in 3’UTRs (Figure 4.4A). Together, parthenogenetic SNPs fell 

into 208 genes, of which 191 contained 1:1 orthologous relationships in D. melanogaster. 

Using D. melanogaster orthologs and the large amount of RNAseq and microarray data 

available in this model organism, we functionally annotated genes containing fixed SNPs 

by tissue (Figure 4.4B). Larval CNS, brain, and ovaries contained the highest number of 

up-regulated genes, significantly higher than average in whole flies (Figure 4.4B). In 

contrast, the testis contained the highest number of down regulated genes (Figure 4.4B). 

Focusing on genes containing structural differences (i.e., amino acid changes), of 158 

genes containing at least one non-synonymous substitution, we identify a significant 

enrichment in centrosomal genes (GO:0005813; P < 0.01; F2 = 9.648). Genes implicated 

in centrosomal function containing fixed parthenogenetic SNPs are found in Table 4.5.  

Although we didn’t observe an enrichment for meiosis as an ontological class, several 

key genes involved in meiotic and mitotic were identified as potential candidates and can 

be found in 4.6. 
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Figure 4.4: Candidate genes for parthenogenetic ability.  (A) Proportion of fixed 
parthenogenetic SNPs by site class. (B)  Distribution of functional tissue classes for 1:1 
set of D. mercatorum orthologs containing fixed SNPs unique to parthenogenetic strains. 
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Table 4.5: Centrosomal candidate genes from fixed SNP analysis.  D. melanogaster 1-1 
orthologs found in gene ontological class for centrosomes containing fixed SNPs unique 
to parthenogenetic strains. 
 
 

Gene Name FlyBase 
Gene ID Chromosome 

Cp190 FBgn0000283 3R 

pav FBgn0011692 3L 

skap FBgn0037643 3R 

ALiX FBgn0086346 3R 

CG45105 FBgn0266566 3R 

 

 

Table 4.6: Meiotic candidate genes from fixed SNP analysis. D. melanogaster 1-1 
orthologs found gene ontological class for meiosis containing fixed SNPs unique to 
parthenogenetic strains. 
 

Gene Name FlyBase  
Gene ID Chromosome 

pav FBgn0011692 3L 

bcd FBgn0000166 3R 

Mcm2 FBgn0014861 3R 

spn-B FBgn0003480 3R 

Miro FBgn0039140 3R 

Mus312 FBgn0002909 3L 

daw FBgn0031461 2L 

Rad17 FBgn0025808 3R 

 

4.3.6 Differentially expressed genes 

To address the role of differentially expressed reproductive genes in 

parthenogenesis in D. mercatorum, we characterized ovary- and sex-biased patterns of 

gene expression between parthenogenic and sexual strains. We estimated gene expression 
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levels of isolated ovaries from parthenogenic and sexual females as well as from whole 

adult bodies of sexually reproducing females, sexually reproducing males, and females. 

This approach allows us to identify differentially expressed genes (DEGs) in the ovaries 

of parthenogenetic and sexual females as well as DEGs of the entire adult body from 

males, sexually reproducing females and males, and parthenogenetic females.  

Sex-biased gene expression has previously been shown to be impacted after shifts 

from sexuality to parthenogenesis (Huylmans et al. 2016). For example, in Daphnia 

galeata, cyclical parthenogenesis is thought to generate re-occurring bouts of relaxed 

selection on male-biased genes, resulting in greater variation in expression and nucleotide 

variation (Huylmans et al. 2016). We first looked for expression differences between 

males, sexual females, and parthenogenetic females. Using a false discovery rate (FDR) 

of 1% and a minimum log fold change of 2, we identify 1,926 DEGs (193 up-regulated, 

1733 down-regulated) between males and sexual females, 2,399 DEGs (395 up-regulated, 

2,004 down-regulated) between males and parthenogenetic females, and 166 DEGs (43 

up-regulated, 123 down-regulated) between sexual and parthenogenetic females (Figure 

4.5A; Figure 4.6). Because of known differences in the meiotic process in 

parthenogenetic D. mercatorum females, we also RNA-sequenced ovaries. We identify 

175 DEGs (116, up-regulated, 59 down-regulated) between ovarian tissue of sexual and 

parthenogenetic females (Figure 4.5B).  Enriched GO categories for genes in each 

comparison are found in Table 4.7.  

To evaluate shifts in sex-bias when transitioning towards parthenogenesis, we 

assayed sex-biased genes changes (i.e., loss or gain of biased between the reproductive 
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Figure 4.5: Differential expression between sexual and parthenogenetic D. mercatorum 
strains.  (A) Venn diagram depicting the overlap of genes differentially expressed 
between D. mercatorum sexes. (B) MA plot of DEseq2 results for differentially 
expressed genes (blue) in the ovaries between sexual and parthenogenetic females.  
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Figure 4.6: Differential expression MA plots.  Differential expression MA plots 
highlighting differentially expressed genes between groups.  (A) Male vs. female sexual, 
(B) male vs. female parthenogentic, (C) Female sexual vs. female parthenogenetic. Blue 
color indicates adjusted P-value < 0.01. Triangles indicate values exceeding y axis 
limitations. 
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Table 4.7: Gene ontologies (GO) for differential expression between sexual and 
parthenogenetic D. mercatorum strains.  Significant gene ontology categories for 
significantly differentially express genes with a log2Fold change >2 or < -2. 
 
 

GO category GO Identifier P-value Number of genes 

muscle cell development  GO:0055001 0.001435 6 

striated muscle cell development  GO:0055002 0.002578 6 

actomyosin structure organization  GO:0031032 0.00401 6 

myofibril assembly  GO:0030239 0.005041 5 

striated muscle cell differentiation  GO:0051146 0.019927 6 

muscle cell differentiation  GO:0042692 0.039322 6 

 

switch) between parthenogenetic females and sexual females. We identify 57 genes 

newly characterized as female-biased in the parthenogenetic strain. These genes are 

significantly enriched in DNA replication gene ontology categories and contain genes 

involved processes centered around follicle cell maturation after fertilization (Table S7).  

Table 4.8: Gene ontologies (GO) for newly derived female-biased genes in 
parthenogenetic D. mercatorum strains.  Significant gene ontological categories for new 
female-biased genes in parthenogentic D. mercatorum female 
 
 

GO Category GO Identifier P-value Number of genes 

DNA replication  GO:0006260 2.29E-06 9 

DNA metabolic process  GO:0006259 2.38E-05 12 

DNA-dependent DNA replication  GO:0006261 4.58E-05 7 

organic cyclic compound metabolic process  GO:1901360 0.002479 27 

nucleobase-containing compound metabolic process  GO:0006139 0.002511 26 

heterocycle metabolic process  GO:0046483 0.003304 26 

nucleic acid metabolic process  GO:0090304 0.004154 23 

4.3.7 Evidence for purifying selection in parthenogenetic lines 

Without males in parthenogenetic populations, theory predicts and previous 

studies have shown a reduction or relaxation in purifying selection on male genes (Smith 
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1971; Huylmans et al. 2016). To detect a potential relaxation in purifying selection on 

male genes, we used two metrics: 1) Grantham score to evaluate deleterious effects of 

mutations on proteins, and 2) differential RNAseq expression assays to compare 

expression levels. Male genes were annotated in two ways. We first compared the 

proportion of male-biased genes in D. mercatorum to D. melanogaster orthologs that 

have previously been identified as male-biased (Stanley et. al 2017 unpublished; see 

Chapter 3. A high fraction of male biased genes (~75%) in D. mercatorum are also male-

biased in D. melanogaster. With functional conservation across the Drosophila 

phylogeny (Clark et al. 2007), we used annotated male genes from D. melanogaster 

(Stanley et. al 2017 unpublished; see Chapter 3) to compare average Grantham scores 

between male-genes and non-reproductive genes. We find no significant differences 

between Grantham scores of non-synonymous mutations in male-genes compared to non-

reproductive genes. 

Increased levels of differential expression in male genes has also been shown to 

be a byproduct of parthenogenesis (Huylmans et al. 2016).  Using orthologous 

relationships to D. melanogaster, we estimated the proportion of functional conservation 

in sex-biasness. To perform this we compare sex-biased gene expression in D. 

mercatorum to that of D. melanogaster. Using male-annotations from D. melanogaster, 

we do not find a significant difference between male and non-reproductive genes (Table 

4.9), again showing signatures of male functional conservation even without the need of 

male. Finally, we estimated the number of male-biased genes that were lost when 

compared to parthenogenetic females.  
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Table 4.9: Purifying selection in male genes. Table showing the lack of difference 
between male genes and non-reproductive genes related to levels of purifying selection in 
males. 
 

  Tissue # of 
genes 

1:1 
orthologs 

% 
conservation 

Avg. Grantham per 
gene 

Avg. log2Fold 
change 

Dmel 
(orthology) 

Male gonadal-
specific 2141 942 -- 79.21 -- 

Male-biased 3324 1259 64.34% 76.69 -- 

Non-reproductive 
specific 1182  -- 80.57 -- 

Dmerc 

Male-biased (sexual) 1732 1076 71.19% -- 7.32 

Male-biased (parth) 2003 1259 64.34% -- 6.94 

Female-biased 193 153 75.82% -- 4.49 

Parth-biased 394 314 55.10% -- 3.28 

 

4.3.8 Behavioral analysis 

Behavior is a rapidly evolving trait and is often one of the first differences seen 

between diverging populations (Stanley and Kulathinal 2016b). Although behavioral 

differences between sexual and parthenogenetic strains of D. mercatorum have been 

noted in previous work (Carson et al. 1982), high-throughput behavioral screens are 

available to examine these differences on a more granular level. Here we identify 

differences in touch, and chase behaviors between males and females (both sexual and 

parthenogenetic) to understand the impact that an absence from a male conspecific can 

have to mating behaviors. Using a high-throughput behavioral assay (see Stanley and 

Kulathinal 2016), we analyzed over 2.6 million frames of video (at 30 frames per 

second), and calculated the pairwise fraction of time males spent chasing and touching 

parthenogenetic and sexual females in a controlled setting. In the presence of sexual 

females, males show an increased fraction of time moving and interacting when 

compared to interactions with parthenogenetic females (Figure 4.7A, B), In addition, 
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males spend ~2X more time chasing (Figure 4.7C; Wilcoxon P < 0.001) and touching 

sexual females compared to parthenogenetic females (Figure 4.7C; Wilcoxon P < 0.01).  

 

 
Figure 4.7: Behavioral differences between sexual and parthenogenetic D. mercatorum 
strains.  (A-B) Heatmap depicting overall movement and intensity of movement during 
the behavior trial for 1 replicate of males with parthenogenetic females (A) and males 
with sexual females (B).  (C) Distribution of fraction of time males spent chasing 
females. D) Distribution of the fraction of time males spent touching females. *** 
indicate P < 0.001, Wilcoxon; ** indicate P < 0.01, Wilcoxon. 
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4.4 Discussion 

For over half a century, D. mercatorum has been used as a laboratory workhorse 

to study parthenogenesis, providing diverse insight into its genetic basis, developmental 

consequences, and life history changes associated with switching to an asexual mode of 

reproduction. Here, we provide the first genomic resource of the facultatively 

parthenogenetic fruit fly, D. mercatorum, to help investigate the genetics of 

parthenogenesis. With an N50 greater than 500 kbp and 31 scaffolds larger than 1 Mbp in 

size, this high-quality reference assembly complements other recent genome releases in 

Drosophilidae (Fonseca et al. 2013; Ometto et al. 2013). Using this reference genome, 

we provide gene annotations generated using ab initio gene prediction software and both 

transcriptomic and comparative data from both D. mercatorum and D. melanogaster. 

After validating known protein domains, we identify 11,934 genes, of which 

approximately 84% have 1:1 orthologous relationships to D. melanogaster, thereby, 

linking these D. mecatorum gene models to gold-standard functional annotations. Using 

mapped transcriptomic data from males and sexual and parthenogenetic, females, we 

provide additional annotations based on sex-bias gene expression levels. We also map 

and compare genomic variation from three geographically distinct sexual strains and 

three parthenogenetic strains to identify candidate SNPs that promote parthenogenesis as 

well as to survey species diversity on a genome-wide scale.  By integrating these 

comprehensive genomic resources, we are better equipped to examine the genomics of 

parthenogenesis, leveraging these new data with the benefits of a laboratory model such 

as the ease of maintenance, quick generation time, and the availability of visual markers. 
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Using a combination of comparative genomic and transcriptomic approaches, we 

identify potential candidate genes that enable a shift toward asexuality and provide 

insight into the mechanism of diploidization. Among fixed non-synonymous substitutions 

that are unique to strains capable of parthenogenesis, we find a significant enrichment of 

genes involved in centrosome formation and maturation (Table 4.5). For example, pav is 

known to play a significant role in centrosome structure (Müller et al. 2010). 

Surprisingly, no enrichment for meiotic or mitotic ontological classes was found among 

these genes containing non-synonymous substitutions. Yet, despite an enrichment 

absence of this large functional class, several interesting genes that are known to play 

roles in meiosis, specifically in the organization of chromosomes, possessed fixed amino 

acid differences between sexual and asexual lines (Table 4.6). Differential gene 

expression analysis also supports the role of upregulated meiotic genes in 

parthenogenesis. Genes with newly gained female-biased expression (n=57) in 

parthenogenetic strains are significantly enriched for meiotic genes and ontological 

classes related to DNA replication and metabolic processes (Table 4.8). Comparing 

ovaries between sexual and parthenogenetic females (relative to total male expression), 

newly female-biased genes identified among the latter reveal a significant enrichment of 

myofibril ontologies. Myofibrils, along with actin filaments, are known to function in 

microtubule and spindle fiber formation (Hudson and Cooley 2002). Together, 

functionally enriched ontological classes and candidate genes point toward alterations in 

the organization of spindle fibers and structural changes to the centrosome. Studies on D. 

mangeberiai, the only documented obligate parthenogenetic fruit fly, suggest similar 
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changes in meiotic spindles that assume an uncommon orientation in early embryonic 

stages (Murdy and Carson 1959). 

Surprisingly, many species of Drosophila have been demonstrated to be capable 

of producing offspring via parthenogenesis. In his seminal work on parthenogenetic 

ability in Drosophila, Stalker examined 25 species of Drosophila and found that 23 

species were able to undergo parthenogenesis although typically at very low rates 

(Stalker 1956). With respect to mechanism, only one species, D. mangeberiai, is known 

to produce offspring via central fusion (Murdy and Carson 1959). In contrast, our results 

support a molecular mechanism of gamete duplication in D. mercatorum. After 

performing a marked cross similar to Eisman and Kaufman (2007), we assayed each F1 

female for parthenogenetic capability. A set of primers were designed using the genome 

assembly to test whether offspring from the parthenogenetically produced F2 generation 

are homozygous at regions where the F1 genotype was heterozygous. Homozygous F2’s 

supported gamete duplication as the primary mode of diploidization. Additional support 

for gamete duplication was provided in crosses using visual markers from the white 

locus.  

To date, parthenogenesis has been observed in over fifty Drosophila species 

(Markow 2013). Plasticity in various mechanisms of diploidization has also been reported 

in many of these species. SNP analyses across strains of sexual vs. parthenogenetic D. 

mercatorum suggest the potential role of several functional classes. The discovery of 

“centrosomal formation” as a significantly enriched functional class among non-

synonymous SNPs (see paragraph above) highlights the role of de novo centrosomal 
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formation in gamete duplication. Our results supporting gamete duplication as a primary 

mode of diploidization further support a polygenic model on the efficacy of developing a 

fully functional adult fly. Studies in Drosophila ananassae and Drosophila albomicans 

also suggest this theory, where a specific trait or set of traits are required for 

parthenogenesis to occur while additional factors contribute to the success of 

parthenogenesis by increasing fertility (Singh and Singh 2003; Chang et al. 2014). 

As a population shifts to asexuality and a female-only existence, it is expected 

that genes and traits involved in male function and mating behavior will eventually be 

lost (Smith and Maynard-Smith 1978). Although facultative parthenogenesis presents a 

reproductive strategy in which sexual reproduction may still occur, multi-generational 

periods of sexual abstinence are expected to impact male and mating genes in a 

deleterious manner. Previous work in Daphnia galeata, a cyclical parthenogenetic 

species, identified higher variability in sex-biased expression in sexual relative to 

parthenogenetic populations, suggesting a reduction in purifying selection for male 

expression (Huylmans et al. 2016). In our D. mercatorum study, we were unable to detect 

any significant signal of purifying selection on male genes either on fixed (between 

sexual and parthenogenetic) SNPs or in expression. In fact, we find sex-biased gene 

expression to remain highly conserved among male-biased genes in both sexual and 

parthenogenetic strains when compared to D. melanogaster.  Although sex-biased genes 

remain highly conserved between species and between parthenogenetic strains of D. 

mercatorum, a small subset of genes (n=19) demonstrate the potential impact of 

parthenogenesis on male-related traits and behaviors. On further examination of these 19 
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genes that are no longer male-biased, although not significant, they are found within 

ontological classes involved in cilium assembly and sensory perception of taste, and also 

include HEATR2, a known protein critical to sperm motility (Diggle et al. 2014). There 

are several reasons why it may not be surprising that we did not identify an enrichment in 

the accumulation of deleterious alleles in male genes, as theory would predict. First, there 

may not have been enough evolutionary time for a significant mutational pattern to 

emerge, particularly with increased generation times owing to parthenogenesis (e.g., ~50 

years represents around 500 generations without males). Second, many male genes may 

be pleiotropic, thus, providing an internal evolutionarily constraint. Fourth, a laboratory 

existence always has the potential for contamination with males stock, re-introducing 

better fit copies of male genes into the population. Finally, when parthenogenetic females 

mate with sexual males, their male offspring appear to be fully viable and fertile, 

suggesting no deterioration of the male component of the genome. 

In fact, we find sex-biased gene expression to remain highly conserved among 

male-biased genes in both sexual and parthenogenetic strains when compared to D. 

melanogaster.  Although sex-biased genes remain highly conserved between species and 

between parthenogenetic strains of D. mercatorum, a small subset of genes (n=19) 

demonstrate the potential impact of parthenogenesis on male-related traits and behaviors. 

On further examination of these 19 genes that are no longer male-biased, although not 

significant, they are found within ontological classes involved in cilium assembly and 

sensory perception of taste, and also include HEATR2, a known protein critical to sperm 

motility (Diggle et al. 2014). There are several reasons why it may not be surprising that 
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we did not identify an enrichment in the accumulation of deleterious alleles in male 

genes, as theory would predict. First, there may not have been enough evolutionary time 

for a significant mutational pattern to emerge, particularly with increased generation 

times owing to parthenogenesis (e.g., ~50 years represents around 500 generations 

without males). Second, many male genes may be pleiotropic, thus, providing an internal 

evolutionarily constraint. Fourth, a laboratory existence always has the potential for 

contamination with males stock, re-introducing better fit copies of male genes into the 

population. Finally, when parthenogenetic females mate with sexual males, their male 

offspring appear to be fully viable and fertile, suggesting no deterioration of the male 

component of the genome. 

Behavior is one of the most labile and rapidly evolving traits (Foster 2013). In 

domestic species, behavior is also been shown to shift rapidly (Belyaev 1969; Frankham 

and Loebel 1992; Stanley and Kulathinal 2016). Here, we show significant shifts in male 

mating behavior towards parthenogenetic females (Figure 4.7). Behavioral shifts in 

parthenogenetic D. mercatorum have been noted before (Carson et al. 1982), and are 

found in other parthenogenetic taxa. In the ostracod, Eucypris virens, sexual males 

readily interact with sexual females over parthenogenetic females (Schmit et al. 2013). 

Although significant, it is still unknown what factors are driving these behavioral 

changes. One hypothesis is that the parthenogenetic females, not having been exposed to 

male strains in ~50 years, are no longer receptive to males. Another hypothesis is that 

males, like E. virens, do not recognize parthenogenetic females initially as a mate 

(Schmit et al. 2013). Although, several genes involved in sensory perception and cuticle 
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development have been implicated in our fixed SNP and differential expression analyses, 

these hypotheses will need to be further tested. 

With such life-history trait differences in parthenogenetic D. mercatorum as 

increased mortality, decreased egg viability, reduced hatch rate, and increased generation 

time, one might wonder how parthenogenesis is maintained in the face of such low 

fitness (Kramer and Templeton 2001). Yet ample genetic variation appears to exist that 

enable a rapid improvement in fitness. Templeton demonstrated that the percentage of 

parthenogens can be selected to dramatically increase across a finite number of 

generations. Additional work by Kramer and Templeton (2001) suggests that, if given 

enough time, parthenogenetic strains will produce similar numbers of offspring as sexual 

strains. Large genetic differences between strains exhibiting parthenogenetic ability 

further support a polygenic basis for parthenogenesis and suggests that the commonality 

of this form of asexuality is related to a large and mutable target of genes involved in the 

deeply conserved yet plastic process of meiosis.  

4.5 Methods  

4.5.1 Fly stocks and husbandry  

Three parthenogenetic stocks (15082-1525.03, 15082-1525.05, and 15082-

1525.08) and three sexually reproducing stocks from natural populations (15082-1521.22 

[Hawaii], 15082-1521.25 [Brazil], 15082-1521.37 [Africa]) were obtained from the 

University of California San Diego (UCSD) Drosophila Stock Center 

(https://stockcenter.ucsd.edu). A fourth parthenogenic stock (15082-1525.09) with a 
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white-eyed (w-) phenotype was also obtained from UCSD Drosophila Stock Center for 

the mapping analysis below. All stocks were kept on standard cornmeal-molasses 

medium and maintained in bottles at 25oC. 

4.5.2 DNA extraction and sequencing 

Reference assembly. DNA to generate the reference genome assembly was 

prepared using pooled adult males from the sexual Hawaiian stock (15082-1521.22) 

utilizing the Qiagen DNeasy Blood & Tissue Kit. Flies were starved for four hours before 

freezing at -80°C at least one hour prior to DNA extraction. 600-800 bp fragments of 

DNA were selected after shearing, and libraries were prepared using a Nextera DNA 

Sample Prep Kit (Illumina; catalog no. FC-121-1031) following the manufacturer’s 

directions. Libraries were checked for quality using a an 2100 Bioanalyzer system 

(Agilent Genomics) and Qubit Fluorometer (Life Technologies). The library was 

sequenced as a 100 bp paired-end sample on a single lane of an Illumina HiSeq 2500 

(Stowers Institute). The same library was sequenced as a 250 bp paired-end sample on an 

Illumina MiSeq (Stowers Institute).  The mate-pair library for the reference genome stock 

15082-1521.22 was generated from 1ug of high-quality genomic DNA using the gel-free 

method of the Illumina Nextera Mate-Pair Sample Prep Kit with 10 cycles of PCR 

amplification. Libraries were checked for quality using a Bioanlayzer 2100 (Agilent) and 

Qubit Fluorometer (Life Technologies). The mate-pair library was pooled with a second 

sample and sequenced as a 100 bp paired-end sample on a single lane of an Illumina 

HiSeq 2500 (Stowers Institute). 
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SNP variation. DNA for SNP calling (whole-genome sequencing then alignment) 

was prepared from ten parthenogenetic females from each of three stocks (15082-

1525.03, 15082-1525.05, 15082-1525.08) ten males from each of three sexually 

reproducing stocks (15082-1521.25, 15082-1521.37, 15082-1521.22), and from single 

females from the five outcrossed F2 stocks (8A, 8C, 8D, 7A, 9D) using the Qiagen 

DNeasy Blood & Tissue Kit. Flies were starved for four hours before freezing at -80°C at 

least one hour before DNA extraction. 600-800 bp fragments of DNA were selected after 

shearing, and libraries were prepared using a Nextera DNA Sample Prep Kit (Illumina; 

catalog no. FC-121-1031) following the manufacturer’s directions. Libraries were 

checked for quality using a Bioanlayzer 2100 (Agilent) and Qubit Fluorometer (Life 

Technologies). Libraries for samples 15082-1525.08, 8A, 8C, 8D, 7A, and 9D were 

sequenced as 150-bp paired-end sample on an Illumina HiSeq 2500 in high-output mode, 

all other libraries were sequenced as 150-bp paired-end samples on an Illumina HiSeq 

2500 in rapid mode.  

4.5.3 RNA extraction and sequencing 

RNA for sequencing was collected either from whole flies or ovaries from female 

flies. For whole-fly replicates, ten 1-5 day old males or females from stock 15082-

1521.25, and ten 1-5 day old parthenogenetic females from stock 15082-1525.03 were 

placed in 600ul of Trizol and frozen at -80°C. Ovaries were dissected from 1-5 day old 

females who were kept on cornmeal-agar media with additional yeast for at least 24 hours 

before ovary dissection. For each ovarian replicate, ovaries from 20 females were 

dissected in PBS, then placed in 600ul of Trizol and frozen at -80°C within 30 minutes of 
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dissection. RNA was extracted using the RNeasy Mini Kit per the manufacture’s 

instructions. Three libraries for each sample type were prepared using a TruSeq Stranded 

mRNA Kit according to manufacture instructions. Libraries were checked for quality 

using a Bioanlayzer 2100 (Agilent) and Qubit Fluorometer (Life Technologies) and were 

then sequenced as 75-bp paired-end samples on an Illumina HiSeq 2500. 

4.5.4 Genome assembly and annotation 

Genome sequencing data from the 100 bp paired end and 250bp paired end 

libraries were used to create the de novo reference assembly. Before assembly, all data 

under went initial quality control for low base quality and remanence of primer sequences 

using Sickle (https://github.com/najoshi/sickle) and Scythe 

(https://github.com/vsbuffalo/scythe).  Following quality control, a de novo assembly was 

created using SOAPdenvo2. To identify optimal kmer size for assembly, kmers between 

45-107 bp were used to complete the assembly (Table 4.10). The optimal kmer size was 

chosen by identifying the kmer with the highest N50 while remaining within 20kb of the 

estimated genome size. Annotations for the newly assembled reference genome were 

created using a combination of ab initio gene prediction software and transcriptomic data. 

Using the MAKER2 (Cantarel et al. 2008; Holt and Yandell 2011) pipeline, ab initio 

predictions were identified using the programs SNAP (Korf 2004) and Augustus (Stanke 

et al. 2006). The reference gene model from D. melanogaster r5.9 and transcriptomic 

data from a male individual of D. mercatorum (Hawaii) were also used. With these data, 

the MAKER pipeline was run iteratively four times. Following prediction, gene models 

were validated using known pfam domains and PANTHER (Mi et al. 2017). Only gene 
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Table 4.10: Assembly Kmer testing. Results from Kmer testing using SOAPdeNovo2 for a range of Kmers between 41 and 107 for 
scaffolds and contigs. Numbers below are per 1000 scaffolds, contigs, or bp. 
 
 

 Scaffolds Contigs 
km
er 

Size_Inclu
deN 

Size_With
outN 

Scaffold_
Num 

Longest_
Seq 

scaffold>
10k 

scaffold>
100k 

scaffold
>1M 

N5
0 

N50 
(n) 

Size_Inclu
deN 

Size_With
outN 

Scaffold_
Num 

Longest_
Seq 

contig>
10k 

contig>1
00k 

contig>
1M 

N5
0 

N50 
(n) 

k41 190516 98138 111 75 4 0 0 7 7 105945 105945 648 24 0 0 0 0 216 

k45 197453 105060 125 96 5 0 0 8 7 123793 123793 720 29 0 0 0 0 233 

k47 229756 108149 126 151 6 0 0 12 5 131875 131875 746 31 0 0 0 0 237 

k49 237913 112513 141 167 6 0 0 13 4 139871 139871 762 35 0 0 0 0 235 

k51 306688 179023 623 352 4 0 0 10 4 197769 197769 1014 63 0 0 0 0 247 

k53 318114 196431 616 675 3 0 0 28 2 208457 208457 854 140 0 0 0 0 144 

k55 314289 204744 620 1293 3 1 0 42 1 215547 215547 824 140 0 0 0 0 115 

k57 299494 201276 539 1751 2 1 0 76 1 211440 211440 723 85 0 0 0 1 87 

k59 285129 197924 474 2329 1 0 0 
17

2 0 207593 207593 643 85 0 0 0 1 67 

k61 261526 191899 399 3518 1 0 0 
24

8 0 200648 200648 546 85 0 0 0 1 50 

k63 246067 189458 359 3664 1 0 0 
40

8 0 197603 197603 491 52 0 0 0 1 38 

k65 212356 185903 310 2698 1 0 0 
40

0 0 194092 194092 439 52 0 0 0 2 30 

k67 204519 182752 275 2505 1 0 0 
45

4 0 190400 190400 391 30 1 0 0 2 24 

k69 199286 180591 248 3130 1 0 0 
52

0 0 187894 187894 355 37 1 0 0 2 20 

k71 195580 179127 230 2278 1 0 0 
48

0 0 186137 186137 329 38 1 0 0 3 18 

k73 205377 178140 218 3397 1 0 0 
52

5 0 184476 184476 306 41 1 0 0 3 16 

k75 201912 176859 201 3366 1 0 0 
55

4 0 183025 183025 284 41 2 0 0 3 14 

k77 198588 175844 188 3278 1 0 0 
53

9 0 181767 181767 266 44 2 0 0 4 13 
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Table 4.10 continued: Assembly Kmer testing. Results from Kmer testing using SOAPdeNovo2 for a range of Kmers between 41 and 
107 for scaffolds and contigs. Numbers below are per 1000 scaffolds, contigs, or bp. 
 

 Scaffolds Contigs 
km
er 

Size_Inclu
deN 

Size_With
outN 

Scaffold_
Num 

Longest_
Seq 

scaffold>
10k 

scaffold>
100k 

scaffold
>1M 

N5
0 

N50 
(n) 

Size_Inclu
deN 

Size_With
outN 

Scaffold_
Num 

Longest_
Seq 

contig>
10k 

contig>1
00k 

contig>
1M 

N5
0 

N50 
(n) 

k83 192163 173889 162 2515 1 0 0 
43

1 0 179205 179205 227 54 3 0 0 4 10 

k85 191156 173548 157 2511 1 0 0 
54

4 0 178751 178751 219 54 3 0 0 5 10 

k87 190144 173338 154 3102 1 0 0 
45

9 0 178382 178382 213 54 3 0 0 5 9 

k89 190420 173319 153 3954 1 0 0 
54

4 0 178175 178175 208 54 3 0 0 5 9 

k91 189968 173407 154 2955 1 0 0 
59

8 0 178152 178152 206 63 3 0 0 6 8 

k93 189798 173662 157 2947 1 0 0 
59

4 0 178322 178322 207 70 3 0 0 6 8 

k95 190443 174306 163 2946 1 0 0 
59

9 0 178927 178927 212 82 3 0 0 6 8 

k97 191598 175265 174 3136 1 0 0 
55

5 0 179910 179910 223 82 3 0 0 6 8 

k99 195112 178243 205 2948 1 0 0 
54

6 0 182851 182851 252 72 3 0 0 5 8 
k10

1 182300 182299 250 72 3 0 0 5 8 182306 182306 250 72 3 0 0 5 8 
k10

3 181914 181913 243 72 3 0 0 5 8 181919 181919 244 72 3 0 0 5 8 
k10

5 181541 181540 238 72 3 0 0 5 8 181546 181546 238 72 3 0 0 5 8 
k10

7 181112 181111 232 72 3 0 0 5 8 181116 181116 232 72 3 0 0 5 8 
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models with E-values < 1x10 -10 for known pfam domains and PANTHER match to 

known protein families were used in our final model.   

4.5.5 Genome resequencing and SNP calling 

Paired-end sequences for each stock used for the variant analysis were aligned to 

the de novo assembly of D. mercatorum (see above) using default parameters in the 

Burrows-Wheeler Aligner (BWA; (Li and Durbin 2009)).  Following alignment, SNPs 

were identified using GATK haplotypecaller (McKenna et al. 2010) and filtered for base 

quality and mapping using best practices (DePristo et al. 2011; Van der Auwera et al. 

2013). SNPs location and effect were annotated using SNPdat v1.0.5 (Doran and Creevey 

2013).  

4.5.6 Orthology 

Orthology was assigned using a reciprocal best BLAST approach using gene 

annotations for D. mercatorum identified here (see Methods on genome annotation). 1-1 

orthology was identified by having only one reciprocal hit in each of the seven other 

Drosophila taxa (Dmel, Dpse, Dana, Dwil, Dmoj, Dvir, and Dgri). Annotations of any 

orthologous relationship (single or multiple copy) required a minimum e = 10-10. D. 

mercatorum specific genes where classified by having no BLAST hits to any of the seven 

taxa with e < 10-10. 

4.5.7 Differential gene expression 

Following RNA-sequencing, reads filtered for quality (see Genome Assembly and 

Annotation) and were aligned to the draft assembly of Dmerc using TopHat2 (Kim et al. 
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2013). Transcript level counts were assessed using HTseq (Anders et al. 2015). 

Differentially expressed genes (DEGs) between groups using the DEseq2 package (Love 

et al. 2014) in R. Statistical analysis of DEGs was completed in DESeq2. Multiple test 

correction was applied using a Benjamini–Hochberg correction (Benjamini and Hochberg 

1995), P < 0.01, implemented using DESeq2.  Sex-biased expression has been shown to 

have a significant impact on phenotypic differences, between more traditional male vs. 

female comparisons, and parthenogenetic strains vs. sexual. Strain-biased expression 

(male-biased, female-biasedsexual and female-biasedparthenogenetic) was identified having an 

adjusted P-value < 0.01 and log2Fold chance > 2. 

4.5.8 Behavioral Assays 

Behavioral assays were performed with two lines of adult D. mercatorum under 

five separate parameters (7 days post-eclosion). Stocks were maintained in the laboratory 

at ~24 C, at ~40 % relative humidity, kept in standard 250 ml bottles on Lewis food 

medium, and exposed to a 12 h light–dark cycle. Prior to behavioral assays, flies are 

anesthetized with light CO2 sedation (<30 s) for transfer and identification, and allowed 

to acclimate in the arena setting for 10 min, post-sedation. Assays are conducted in Delrin 

arenas (McMaster-Carr) following specifications outlined in Simon and Dickinson to 

optimize mobility and provide an effective environment for automated tracking. To 

prevent locomotion on the ceilings, glass covers are coated with Sigmacote (Sigma 

Aldrich). Between assays, arenas are rinsed with ethanol and allowed to dry for a 

minimum of 15 min to ensure no residues remain from previous behavioral experiments. 
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Assays were conducted during active morning periods (8:00am-11:00am) across 

consecutive days. The five filming parameters consist of the following combinations of 

flies: five parthenogenetic females with five sexual males, five sexual females with five 

sexual males. Each parameter is recorded using five independent replicates per line tested 

on different days and randomized to reduce experimental bias. Fly activity, post-

acclimation, is recorded for 20 min. Individual experiment parameters can be found in 

Table 4.11.  Individual and interactive activities are tracked using CTRAX (Branson et 

al. 2009) and MATLAB. Errors in the initial tracking are corrected using CTRAX’s Fix 

errors scripts. All output measurements are analyzed using MATLAB and statistics 

implemented using custom R scripts.  

 

Table 4.11: Behavioral analysis design. Project design for behavioral analyses for two 
treatments. 
 
   

Filming 
Parameter Strain Age  Acclimation 

time Time of day  Time Frames per 
second 

# of 
replicates 

5 parth ♀ x 5 sex 
♂ 

1525.03, 
1521.22 

7 
days 10 min 8:00am-

11:00am 
20 

min 30 3 

5 sex ♀ x 5 sex 
♂ 

1521.22 7 
days 10 min 8:00am-

11:00am 
20 

min 30 3 

 

4.5.9 Mapping analyses 

We crossed females from the w- parthenogenetic stock (15082-1525.09) with 

males from the w+ sexual stock (15082-1521.22 [Hawaii]) to generate F1 female to 

identify potential variants associated with parthenogenetic capability (Figure 4.9). 

Parthenogenetic females from the parent generation were collected within 24 hours of 

eclosion. F1 females were collected within 24 hours of eclosion and placed in individual 
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vials at 25°C. This cross was performed as two separate groups. Group A resulted in 35 

F1 females that were kept in vials from eclosion until death. Group B consisted of 280 F1 

females that were brooded weekly until five weeks, after which they were brooded 

biweekly until death. Primers used for genotyping can be found in Table 4.12. 

 

 
 
Figure 4.8: Mapping schematic. Example schematic for one replicate of the mapping 
outcross generating parthenogenetic offspring after outcross to sexual male. Blue color of 
boxes indicate red (w+) eye color. While boxes indicate white (w-) eye color. 

 

Table 4.12: Primers sequences. Primer sequences used in Sanger sequencing to confirm 
primarily gamete duplication as the mode of parthenogenesis on strains used in mapping 
study. 
 
 

Primer ID Primer name Sequence 
664 Scaf2_P3_f AGCAAACCCGTTACACCTTG 
665 Scaf2_P3_r CTTGTGACGAAAGGCAGTCA 
668 Scaf3_P2_f CCGCACTGCACACATTTTAC 
669 Scaf3_P2_r GGCGCAGCAGCTAATAATTG 
670 Scaf3_P3_f TGCCGTAAAAATGTGGATGA 
671 Scaf3_P3_r GGTGAGCGCCTAAACTGCTA 
676 Scaf33_P3_f CTCCCCAGCTATGGACTTGA 
677 Scaf33_P3_r AGGCAGTCGTCTGGTTCACT 
678 Scaf63a_P1_f TTCTGGGGAAGCAAAAGAAA 
679 Scaf63a_P1_r ACTCTGCGATAGCGTCCAAA 
686 Scaf63b_P1_f ATCGAAACGCACAGCGAAT 
687 Scaf63b_P1_r GGAACACAGATCCAAACACCA 
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CHAPTER 5 

GENOMIC SIGNATURES OF DOMESTICATION ON NEUROGENETIC 

GENES IN DROSOPHILA MELANOGASTER 

5.1 Abstract 

Domesticated animals quickly evolve docile and submissive behaviors after 

isolation from their wild conspecifics. Model organisms reared for prolonged periods in 

the laboratory also exhibit similar shifts towards these domesticated behaviors. However, 

whether this divergence is due to inadvertent selection in the lab or the fixation of 

deleterious mutations, remains unknown. Here, we compare the genomes of lab-reared 

and wild-caught Drosophila melanogaster to understand the genetic basis of these 

recently endowed behaviors common to laboratory models. From reassembled genomes 

of common lab strains, we identify unique, derived variants not present in global 

populations (lab-specific SNPs). Decreased selective constraints across low derived 

frequency bins are similar to neutral expectations and different from patterns found in the 

wild, suggestive of an overall genome-wide reduction in the strength of selection. 

However, we find an enrichment of X-linked loci and neuro-sensory genes in extended 

haplotypes surrounding high-frequency lab SNPs, providing evidence for adaptation in 

the laboratory. Among shared polymorphisms, we also find significantly differentiated 

SNPs, in which the derived allele is higher in frequency in the wild (Fst*wild>lab), enriched 

for similar neurogenetic ontologies, indicative of relaxed selection on more active wild 

alleles in the lab. While D. melanogaster encountered drift-like conditions during its brief 

history in the lab, we detect common adaptive signals on domesticated laboratory strains. 



   

 116 

Our results demonstrate that lab animals can quickly evolve domesticated behaviors via 

unconscious selection by humans on a broad pool of genetic variation from 

disproportionately large neurogenetic targets.  

5.2 Background 

Our recent history of domesticating plants and animals (Diamond 2002) offers a 

diversity of genetic systems to study evolution in action (Trust et al. 2009). Crop and 

livestock breeders can often provoke relatively large phenotypic changes across 

successive generations conditioned on the available standing genetic variation found in 

wild progenitor populations. Such changes demonstrate the formidable power of 

directional selection over relatively short periods of time. In fact, Charles Darwin devoted 

the opening chapter of “On the origins of species” to artificial selection in order to 

introduce natural selection as the principal driver of evolutionary change (Darwin 1859). 

In his two-volume follow-up devoted specifically to domestication, Darwin noted that 

“selection may be followed either methodically and intentionally, or unconsciously and 

unintentionally” (Darwin 1868). These histories can also be modeled as a co-evolutionary 

framework between humans and the crops and livestock they cultivate (Purugganah and 

Fuller 2009), whether the selective pressures were intentional or not. 

While domesticates usually have reduced effective population sizes relative to 

their ancestral populations, there still appears to be ample variation for selection to act 

upon. Numerous loci involved in animal and crop domestication are found to harbor 

positive selection coefficients (Hufford et al. 2012) and selectively swept regions (Lin et 

al. 2014). In domestic chickens, genomic sequences from multiple lines reveal the 
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presence of selective sweeps leading to the discovery of causative agents in growth 

differences between domestic lines (Rubin et al. 2010). In household pets, selection for 

certain behavioral and sensory traits (Driscoll et al. 2009) have produced signatures of 

positive selection in vision and hearing genes in domesticated cats (Montague et al. 2014) 

and neural development genes in dogs (Axelsson et al. 2013). This growing literature on 

crop, livestock, and pet domestication reveals that long-term selection by humans can 

generate strong signals of selection at the genomic level and provides a new lens into the 

strength and target of selection during our recent domesticated past. 

Animals bred in the laboratory as model organisms may also be adapted to human 

conditions, and over a much shorter time period. Studies comparing laboratory strains of 

mice and nematodes have identified genetic differences in genes involved in behavior 

(Goto et al. 2013) and metabolism (Weber et al. 2010; Sterken te al. 2015) suggesting 

adaptation to novel conditions in the laboratory (e.g., Kashara et al. 2015). Over a century 

ago, Drosophila melanogaster was brought into the laboratory initially as a teaching tool 

(Kohler 1993), and its fast generation time and relative ease of maintenance quickly made 

the fruit fly an important genetics research tool (Allen 1975) in such varied fields such as 

development, physiology, and evolution. Canton-S(pecial), the oldest known wildtype fly 

stock, was captured by Calvin Bridges approximately a century ago from a natural 

population in Canton, Ohio, and first debuted in his seminal 1916 paper on “Non-

disjunction as proof of the chromosome theory of heredity” (Bridges 1916). 

Approximately a decade later, Donald Lancefield, another product of Thomas Morgan’s 

prolific lab at Columbia University, extracted Oregon-R from a population in Roseburg, 
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Oregon (Lindsley and Grell 1968). Many commonly used fly stocks eventually coalesce 

ancestrally to these old North American laboratory stalwarts, Canton-S and Oregon-R 

(Figure 5.1) which were independently extracted from populations in North America with 

African origins (Pool et al. 2012; Figure 5.1). 

Figure 5.1: Hypothetical genealogical relationship of laboratory strains in relation to 
global populations of D. melanogaster and the closely related species, D. simulans. The 
five lab strains are indicated in red with hypothetical ancestral relationships marked as a 
dotted line. Estimated time since common ancestors are indicated below 
 

With at least a dozen generations per year, D. melanogaster lab stocks have been 

isolated from their wild ancestors for over a thousand generations, providing ample time 

to sufficiently diverge. It is known among fruit fly researchers that behavioral traits of 

laboratory vs. wild D. melanogaster are distinct, with lab-reared flies far tamer and more 

manageable than those found in the wild. Although lab-reared flies are generally 

maintained under relatively standard conditions of temperature, light, and diet, selective 

pressures in the lab are very different than those found in the wild providing the potential 

for strong selection for human-accommodating phenotypes and/or the relaxation of 

selection on traits adapted in nature (Latter and Mulley 1995; Sgro et al. 2000). On the 
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other hand, domesticates are generally less fit reproductively than their wild relatives 

(Shabalina et al. 1997). Lab stocks typically experience drastic decreases in population 

size and higher levels of inbreeding ultimately decreasing the efficacy of selection to rid 

lines of continually re-occurring deleterious alleles (Lu et al. 2006). Whether these 

phenotypic differences among lab strains are driven by conscious selection, inadvertent 

selection, a relaxation in selection, or are simply the fixation of deleterious mutations, is 

not known. 

Its relatively recent and well-documented history, access to multiple isolated lines 

reared in similar environmental settings, well-characterized functional annotations, and 

the availability of hundreds of genomes from extensively sampled extant populations and 

a closely related species, make D. melanogaster an ideal model system to study the 

evolutionary processes that underlie rapid phenotypic change. Here, we investigate 

genetic differences between common laboratory stains of D. melanogaster to those 

recently caught from nature to examine whether this important, centuries-old genetic 

model has evolved convergent domesticated behaviors by adapting to a bottled existence 

or being inundated by low-fitness alleles. If behaviors were adapted to lab conditions, we 

would hypothesize that neuro-behavioral genes would preferentially show signals of 

selection across lab strains. In this study, we quantify behavioral differences between lab-

reared and wild-caught flies with respect to their general activity and locomotory 

abilities. We then identify SNPs that are differentiated between the genomes of 

laboratory and wild strains in order to evaluate the roles of selection vs. drift in flies 

isolated in bottles. Among uniquely derived alleles found only in lab strains we find 
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patterns of relaxed selection and selective sweeps across, respectively, low and high 

frequency classes, when comparing evolutionary parameters such as Grantham distance, 

missense to silent mutations, positional distribution within codons, and levels of codon 

bias. We further characterize putative regions under positive selection among lab strains 

and find a greater longer than expected haplotypes near high-frequency derived SNPs that 

are also enriched in neuro-sensory genes. Finally, we suggest that this neurogenetic class, 

residing on a disproportionately large fraction of the genome relative to other functional 

classes, provides a large mutational target for genetic variation to accumulate and 

selection to eventually act upon. Thus, the genomics of fly domestication reveal an 

interplay of evolutionary forces with selection on a large neurogenetic class of genes 

playing a pivotal role in D. melanogaster’s brief, but distinguished, history in the 

laboratory. 

 

5.3 Results 

5.3.1 Behavior 

Although it is well-known among Drosophilists that lab strains are much slower 

and easier to handle than live flies, literature documenting these differences is lacking. 

We first confirm anecdotal reports of differences in the overall activity between 

laboratory stocks (Canton-S, Oregon-R, w1118) and flies from wild populations (Figure  

9.2). On average, flies from lab strains are significantly less active than wild-caught 

individuals using different measures of locomotion including standard and angular 

velocities (Figure 5.2 A,B; Wilcoxon P < 0.05) and time-spent moving vs. stationary 
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(Figure 5.2 C,D; Wilcoxon P < 0.05). Lab strains also demonstrate less responsiveness in 

the form of interactions between individuals compared to wild-caught lines where the 

latter’s movement is more uniformly distributed and gradually increases with proximity 

to neighbors (Figure 5.2 E). Flies from laboratory strains do not appear to follow this 

relationship with motion uncorrelated to the proximity with their nearest neighbor (Figure 

5.2 F). Overall, these results provide general support for a convergence of slow-moving 

and less responsive behavior in lab strains. 

5.3.2 Genetic Variation in Lab Strains 

After applying filters for quality and missing data, a total of 98,442,787 base pairs 

were analyzed across five reassembled laboratory strains of D. melanogaster, 516 

genomes from 23 global populations including an extensively sampled population from 

North America (n = 205), and one closely related species, D. simulans. Among 

14,545,645 polymorphic sites, 68.5 % are non-singletons and used for subsequent 

analyses (Table 5.1). To test for signals of domestication, we used three defined 

categories of SNPs differentiated between lab strains and populations of D. melanogaster 

from nature: lab-specific SNPs and two types of highly differentiated FST (Fst*) SNPs, 

depending on whether the derived allele is found at a higher frequency among lab strains 

(Fst*lab>wild), or in a representative natural population (Fst*wild>lab). While distinct, 

some overlap exists between the lab-specific and Fst*lab>wild analysis categories: out of 



   

 122 



   

 123 

Figure 5.2: Differences in activity between laboratory and wild-caught Drosophila. (A) 
Mean fraction of time spent moving per angular velocity bin (radians/sec) for laboratory 
(red) and wild-caught (green) flies. Shading indicates standard error across replicates (B) 
Mean fraction of time spent moving per forward velocity bin. Laboratory flies spend 
significantly greater proportion of time at lower angular and forward velocity then their 
wild conspecifics (P-value < 0.05, Mann–Whitney U Test). (C) Mean fraction of time per 
fly spent walking during a 30 min assay. (D) Fraction of time per fly spent stationary 
(velocity = 0 m/s). (E-F) Relationship of distance to nearest neighboring fly and its 
velocity. Heatmap colors denote velocity gradient for wild (E) and lab (F) flies. Wild-
caught flies are generally more active with greater velocity when in closer proximity to 
other flies. 
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Table 5.1: SNP characterization. Number and genomic location of laboratory-specific, high-FST/high lab (Fst*lab>wild), and high-FST/low 
lab SNPs (Fst*wild>lab). Expected proportions based on genic fractions garnered from FlyBase Dmel R5.9. Random simulations capped 
using the number of laboratory-specific SNPs. 

 

		 Lab-specific	 Lab-differentiated	(Fst*lab>wild)	 D.	mel	(wild-caught)	specific		
Expected	fraction		
conditioned	on	size	 Simulations	(17,250	SNPs)		

		 Total	 X	 Autosome	 Total	 X	 Auto	 Total	 X	 Autosome	 X	 Autosome	 X	 Autosome	
Derived	variants	 17250	 1796	 15454	 33172	 8508	 24665	 5434046	 1020611	 4413435	 -	 -	 -	 -	
Fixed	(derived	allele)	 75	 56	 19	 30396	 7512	 22884	 0	 0	 0	 -	 -	 -	 -	
Polymorphic	(derived	allele)	 17175	 1740	 15435	 2776	 996	 1780	 5434046	 1020611	 4413435	 -	 -	 -	 -	

	              
Genic	 9258	 934	 8324	 18284	 4455	 13829	 2945213	 540299	 2404914	 0.543688358	 0.562093861	 1008.74	(47.99)	 8683.35	(142.39)	
Regulatory	 7307	 734	 6573	 14168	 3543	 10625	 2331113	 436544	 1894569	 0.40106165	 0.406126896	 728.89	(32.47)	 6274.61	(97.94)	

				5'UTR	 376	 37	 339	 600	 131	 469	 99224	 16617	 82607	 0.01824645	 0.01925033	 34.8	(5.48)	 297.63	(17.68)	
				Intron	 6437	 631	 5806	 12747	 3257	 9490	 2093902	 394589	 1699313	 0.353130584	 0.358116311	 642.73	(19.59)	 5534	(58.97)	
				3'UTR	 494	 66	 428	 821	 155	 666	 137987	 25338	 112649	 0.029684616	 0.028760255	 51.36	(7.4)	 442.98	(21.29)	
CDS	 1951	 200	 1751	 4116	 912	 3204	 614100	 103755	 510345	 0.142626708	 0.155966964	 279.85	(15.52)	 2408.74	(44.45)	
				1st	codon	position	 567	 63	 504	 703	 141	 562	 124563	 18461	 106102	 0.047542236	 0.051988988	 93.46	(9.27)	 803.59	(27.64)	
				2nd	codon	position	 541	 54	 487	 498	 117	 381	 88992	 12435	 76557	 0.047542236	 0.051988988	 93.09	(9.59)	 802.42	(26.73)	
				3rd	codon	position	 843	 83	 760	 2915	 654	 2261	 400545	 72859	 327686	 0.047542236	 0.051988988	 93.3	(9.3)	 802.71	(27.42)	

	              
Nonsense		 8	 1	 7	 5	 1	 4	 1059	 86	 973	 -	 -	 -	 -	
Sense	 3	 1	 2	 1	 0	 1	 248	 30	 218	 -	 -	 -	 -	
Nonsynonymous	 1136	 116	 1020	 1251	 265	 986	 206494	 29313	 177181	 -	 -	 -	 -	
Synonymous	 778	 79	 699	 2853	 644	 2209	 405498	 74036	 331462	 -	 -	 -	 -	
				P2P	 0	 0	 0	 0	 0	 0	 0	 0	 0	 -	 -	 -	 -	
				P2N	 463	 51	 412	 1761	 420	 1341	 240209	 46042	 194167	 -	 -	 -	 -	
				N2P	 91	 6	 85	 322	 59	 263	 50201	 7755	 42446	 -	 -	 -	 -	
				N2N	 224	 22	 202	 770	 165	 605	 115088	 20239	 94,849	 -	 -	 -	 -	
**	Values	inside	parentheses	represent	std	deviation	 	           
**	Simulations	based	on	randomly	choosing	SNPs	without	replacement	(1000	replicates).	 	        
**	Codons	used	to	evaluate	numbers	nonsynonymous	and	synonymous	SNPs	must	not	have	missing	data	 	      
**	Lab-differentiated	(Fst*lab>wild)	SNPs	represent	significant	Fst	outliers	(Z-score	>2.5)	polarized	by	alleles	derived	in	the	lab,	with	frequencies	greater	than	found	in	the	wild.	Only	123	(X:A	->37:86)	lab-shared	(Fst*wild>lab).	SNPs	
with	significant	Fst	were	characterized	by	a	lab-derived	allele	frequency	less	than	its	frequency	in	the	wild,	and	are	excluded	from	these	counts.	
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Figure 5.3: Characterization of derived SNPs differentiated between lab strains and a 
wild D. melanogaster population. A) Number and overlap of lab-specific SNPs (derived 
and unique among lab strains) with Fst*lab>wild SNPs (derived allele is higher in 
frequency among lab strains compared to sequenced flies from Raleigh NC). The total 
number of Fst*wild>lab SNPs (the derived allele is shared and lower in frequency among   
lab strains) is also shown. B) Site frequency distribution of lab-specific SNPs, per 
chromosome. C) Genic characterization of lab-specific SNPs found in the majority (at 
least 3/5) of laboratory strains, across chromosomal arms. 
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a total 50,565 differentiated SNPs, 520 SNPs are common to these two SNP classes 

(Figure 5.3 A). In contrast, Fst*wild>lab SNPs are unique and relatively rare (n = 123; 

Figure 5.3 A). 

5.3.3 Lab-Specific SNPs 

The number of lab-specific SNPs is 17,250, with 9,258 and 1,951 SNPs located in genic 

and CDS regions, respectively (Figure 5.3C). The total number of lab-specific SNPs is 

significantly larger than a subsample of five random genomes from North Carolina and 

comparison of the number of SNPs specific to this random subset against the entire North 

Carolinian dataset (performed 1,000 times; Sign test, P < 0.002) as well as the entire 

global dataset (Sign test, P < 0.001). Lab-specific SNPs represent only a small fraction 

(0.017 %) of the total SNP variation found among global populations of D. melanogaster, 

including singletons. Lab-specific SNPs are distributed across all chromosome arms with 

a slight but significant enrichment across non-coding regions (e.g., intergenic, 1.02x, 

χ2 = 33.56, P < 0.001; intronic, 1.05x, χ2 = 19.11, P < 0.001; Figure 2b, c). The X-

chromosome is enriched for mid- and high-frequency lab-specific SNPs (χ2 = 201.48, 

P < 0.001). The number of fixed lab-specific SNPs (i.e., found in all five lab strains, or 

4/4 due to missing data) was 75, 46, and 32, respectively, in all genomic regions, genic, 

and CDS regions (Table 5.1). Genes containing fixed lab-specific SNPs are enriched for 

regulatory and signaling gene ontology (GO) categories (see Stanley and Kulatinal 

2016b;  see Stanley and Kulatinal 2016b) and up-regulated in neural-sensory tissues 

(Figure S2). 
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5.3.4 Fst*lab>wild SNPs 

The number of derived SNPs with high FST (i.e., Fst*) that harbor a greater 

frequency in the lab compared to the wild is 33,172, with 18,284 and 4,116 in genic and 

CDS regions respectively (Table 5.1). Fst*lab>wild SNPs generally describe variants that are 

highly represented (≥80 %) among lab strains but have a low (<0.35) allele frequency in 

global populations. Fst*lab>wild are uniformly distributed across chromosome arms and are 

enriched for genic regions (regulatory, 1.07x, χ2 = 104.09, P < 0.001; Table 5.1). The 

number of Fst*lab>wild SNPs that are fixed (i.e., found in all lab strains) is 30,396 and 3,829, 

respectively, in all genomic regions and CDS regions ( Table 5.1). Fst*lab>wild SNPs are 

functionally enriched in general developmental gene ontology categories (100+ GO 

categories are significantly enriched;  3: see Stanley and Kulatinal 2016b;  4: see Stanley 

and Kulatinal 2016b). Fst*lab>wild SNPs are upregulated in several tissues including 

ganglion, larval CNS, and ovary ( Figure S2). 

5.3.5 Fst*wild>lab SNPs 

A small proportion of Fst* SNPs (n = 123) are highly differentiated in the 

opposite direction. These Fst*wild>labSNPs are found at low frequency (≤25 %) among lab 

strains but have high allele frequencies in global populations (>93 %). Fst*wild>lab SNPs are 

enriched on the X-chromosome (1.6x, χ2 = 9.45, P < 0.01), across intergenic regions 
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Figure 5.4:Tissue expression. Distribution of tissue expression for coding region SNPs 
highly differentiated between lab strains and wild-caught lines. (A) Lab-specific SNPs, 
(B) Fst*lab>wild SNPs, (C) Fst*wild>lab SNPs.  
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(1.25x, χ2 = 4.14, P < 0.05), and significantly enriched for neurogenetic genes 

(3.6x, χ2 = 28.73, P < 0.001;  see Stanley and Kulatinal 2016b). Specifically, this SNP 

category is significantly enriched in nervous system development and photoreceptor 

development gene ontologies and is upregulated in neural, visual, and ovarian tissues 

( see Stanley and Kulatinal 2016b,  Figure 5.4). 

5.3.6 Evolutionary relationships 

Phylogenetic analyses on lab-specific SNPs and Fst* SNPs were performed to 

provide insight on the origin and relationship among isolated lab stocks (Figure 5.5). The 

lab-specific consensus SNP tree reveals Canton-S as ancestral to the three Oregon-R 

strains and the w1118 strain, as expected (Figure 5.5A). The Fst* SNP consensus tree 

similarly shows a distinct lab monophyletic clade with similar bootstrap support for lab 

strain topology (Figure 5.5B). A distinct origin among lab strains is also seen using a 

random set of 100,000 polymorphic sites among lab and wild strains (Figure 5.5C). The 

branch lengths of the lab strains dramatically differ between trees indicating each lab 

strain’s distinctiveness (with the exception of OreR-661 and OreR-662) from each other 

(Figure 5.5A) and the extant North American population (Figure 5.5B). The three 

congruent phylogenetic trees also revealed several surprises including the three Oregon-R 

strains being paraphyletic, with Ore-661 and Ore-662 more similar to w1118 than Ore-660. 

Also, while the original Oregon-R strain was independently sampled on the US west 

coast a few decades later, all lab strains appear to be derived from a single Canton-S 

common ancestor (Figure 5.5C), with the lab clade best supported next to extant 

populations from France, then North America.
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Figure 5.5: Neighbor-joining trees. Phylogenetic trees for (A) lab-specific SNPs (B) 
highly differentiated (Fst*) SNPs, and (C) random 100,000 polymorphic sites. Bootstrap 
values for 1000 replicates are placed at each node. Numeric node labels represent 
individuals from lab strains (1–5), Raleigh, NC (6–210), France (211–219), and Africa 
(220–521). Location of the laboratory strains are highlighted using red branches
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5.3.7 Genome-wide levels of selection 

To detect -differences in selective constraints in the lab, we estimate a series of 

evolutionary parameters (Grantham distance, R/S ratio, C1/C2+C3, codon bias) across 

five frequency bins of lab-specific SNPs located in coding regions. We compare 

parameter estimates against similarly binned derived SNPs found only in the Raleigh NC 

population along with simulation estimates expected under strict neutrality.  2: Table 5.1 

compares the nature and number of lab-differentiated SNPs to those found in the Raleigh 

NC population across autosomes and X-chromosomes. When not binned according to 

allele frequency, mean Grantham scores, R/S, and C1/(C2+C3) ratios are similar to 

random simulations. However, when grouped by frequency class, parameter estimates of 

medium to high frequency SNPs more closely follow a pattern of similarly binned SNPs 

from the wild rather than expected neutral patterns based on a random mutational model 

(Figure 5.6). 

5.3.8 Effective population size 

The effective population size is a strong determinant of the effectiveness 

of selection and drift (Kimura 1983; Charlesworth 2009). Watterson’s theta, 

Θs (Watterson 1975), was estimated across non-overlapping 50 kb windows to 

compare the amount of genetic variation from an extant population to that



   

 132 

 
 
 
Figure 5.6: Frequency distribution of lab-specific (red), wild-caught (green), and 
neutrally simulated derived (between dotted lines) SNPs across various evolutionary 
parameters. a Mean Grantham score per replacement substitution. b Mean 
replacement/silent (R/S) ratio per SNP per individual. c Mean ratio of the number of first 
codon position (C1) SNPs to the number of second and third codon position (C2+C3) 
SNPs. d Mean proportion of non-preferred to preferred (N2P) codons and preferred to 
non-preferred (P2N) codons per individual. For all panels, dotted black horizontal lines 
represent one standard deviation from the mean of 1000 random simulations using D. 
simulans sequence data (matched to the number of lab-specific SNPs). Statistical 
significance determined using a Wilcoxon rank-sum test. Asterisks indicate significant 
differences between lab-specific SNPs and SNPs derived from neutral simulations (***P-
value < 0.001, ** P-value < 0.05). Squares indicate significant differences between lab-
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specific SNPs and SNPs derived from the Raleigh NC population (■■■P-value < 0.001, 
■■P-value < 0.05) 

  

found among all lab strains. Like previous genome-wide estimates of 

nucleotide diversity from the Raleigh NC population (Andolfatto and 

Prezeworski 2001; Sackton et al. 2009; Huang et al. 2014), our estimates of Θ 

similarly fluctuate across genomic regions with a genome-wide average of 

ΘNC = 0.0053 (Figure 5.7). Although laboratory strains do not collectively 

comprise a true interbreeding population, we estimate Θlab to provide a relative 

measure of ancestral Ne. Laboratory nucleotide diversity varies along the 

genome in a similar fashion as the Raleigh NC population with a genome-wide 

mean of Θlab = 0.00312 (Figure 5.7), indicating at least a two-fold reduction in 

ancestral Ne. 

5.3.9 Extended haplotype blocks 

Regions of extended homozygosity present potential signals of positive selection. 

We observe a mean haplotype length for all lab vs. wild differentiated classes of SNPs 
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Figure 5.7: Genome-wide nucleotide diversity. Genome-wide distribution of nucleotide 
diversity (θs) across 50,000 bp non-overlapping windows in (A) a Raleigh NC population 
and (B) all lab strains. Centromeres are denoted as ovals.  
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(lab-specific, Fst*lab>wild, Fst*wild>lab) of 653 bp (SD = 801 bp). Among lab-specific SNPs, 

long outlier haplotypes were only found within the high frequency class ≥0.8 and were 

significantly larger than all other frequency classes (Wilcoxon rank sum 

test, P = 3.41 × 10−4, Figure 5.8). Under a neutral model, we would expect similar 

haplotype lengths across all frequency classes. In addition, we have run simulations in 

which we choose sites at random and estimate haplotype lengths. Using 1000 replicates, 

the random site haplotype lengths are at least two standard errors lower than the observed 

5/5 haplotype lengths. A total of 457 (lab-specific: 112, Fst*lab>wild: 342, Fst*wild>lab: 3) large 

haplotype block outliers (Zhap >2.5) were identified ranging in length from 2,622 bp to 

11,985 bp and were significantly enriched (by nearly four times the expected amount) on 

the X-chromosome (Figure 5.9). Candidate lab-specific, Fst*lab>wild, and 

Fst*wild>lab haplotype blocks contain, respectively, 135, 334, and 4 genes. Genes found 

within these lab-specific candidate haplotype blocks are enriched for neurogenetic gene 

ontology categories along with functional classes related to regulation and behavior 

responses (Table 5.2) as well as other significant functional categories (see Stanley and 

Kulatinal 2016b). However, when normalized by gene length, significant GO category 

enrichments in large lab-specific haplotype blocks disappear. Within large 

Fst*lab>wild haplotype blocks, genes are enriched for GO classes involved with axon 

guidance, post-embryonic system development, and regulation (Table 1), even after 

normalizing for gene length. No significant GO enrichment is found in the four genes 

contained within large Fst*wild>lab haplotype blocks
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Figure 5.8: Lab-specific SNP haplotype length across frequency class. Boxplot of 
extended haplotype length surrounding lab-specific SNPs across derived frequency allele 
classes
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Figure 5.9: Neurogenetic enrichment of extended haplotype blocks and Fst*wild>lab SNP genomic distribution. In the top panel,colored 
rectangles indicates haplotype blocks surrounding lab-differentiated SNPs (lab-specific: blue, Fst*lab>wild: red, Fst*wild>lab: green). Size 
distribution of haplotype blocks per frequency class is found in Fig. 4. Presence of known neurogenetic genes in each block is 
indicated by purple arrows. In the bottom panel, FST scan identifies derived SNPs in genic regions with higher allele frequency in the 
Raleigh NC population relative to the laboratory strains (Fst*wild>lab). Dotted line indicates cutoff for Fst*wild>lab SNPs (Z-score > 2.5, above 
dotted line). Of the 62 Fst* SNPs found in genic regions, SNPs are significantly enriched for neurogenetic genes (P < 0.001). SNPs 
found within neurogenetic genes are shaded in purple 
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Table 5.2: Gene ontologies (GO) for extended haplotype blocks. Enriched gene 
ontologies (GO) on extended haplotype block outliers for two categories of differentiated 
SNPs: unique among laboratory strains (lab-specific) or higher in allele frequency in the 
lab (Fst*lab>wild) 
 

 

 

 

 

SNP	Type	 GO:	Biological	Process	 GO:	ID	
#	of	Genes	
in	GO1	 **P-value	 Count	

Lab-specific	 regulation	of	cellular	component	size		 32535	 305	 0.028412 8 
Lab-specific	 regulation	of	biological	quality		 65008	 1994	 0.038348 23 
Lab-specific	 generation	of	neurons		 48699	 992	 0.039188 22 
Lab-specific	 nervous	system	development		 7399	 1744	 0.040839 32 
Lab-specific	 neurogenesis		 22008	 1525	 0.041256 30 
Lab-specific	 regulation	of	anatomical	structure	size		 90066	 374	 0.042371 10 
Lab-specific	 regulation	of	cell	size		 8361	 89	 0.042507 6 
Lab-specific	 cellular	component	organization		 16043	 5855	 0.042708 43 
Lab-specific	 proboscis	extension	reflex		 7637	 9	 0.043535 3 
Lab-specific	 reflex		 60004	 9	 0.043535 3 
Lab-specific	 cell	differentiation		 30154	 2770	 0.043641 41 
Lab-specific	 regulation	of	cell	morphogenesis		 22604	 184	 0.044224 9 
Lab-specific	 axon	development		 61564	 341	 0.047764 12 
Lab-specific	 behavioral	response	to	nutrient		 51780	 10	 0.048507 3 
Fst*lab>wild	 motor	neuron	axon	guidance		 8045	 62	 0.007739 9 
Fst*lab>wild	 system	development		 48731	 2850	 0.00912 88 
Fst*lab>wild	 post-embryonic	organ	development		 48569	 583	 0.009155 29 
Fst*lab>wild	 multicellular	organismal	development		 7275	 3977	 0.009225 106 
Fst*lab>wild	 biological	regulation		 65007	 13920	 0.009452 112 
Fst*lab>wild	 single-organism	cellular	process		 44763	 23874	 0.014023 162 
Fst*lab>wild	 regulation	of	biological	process		 50789	 13269	 0.015888 106 
Fst*lab>wild	 regulation	of	cellular	process		 50794	 12824	 0.023125 96 
Fst*lab>wild	 single-multicellular	organism	process		 44707	 5981	 0.024058 118 

Fst*lab>wild	
post-embryonic	appendage	
morphogenesis		 35120	 452	 0.026085 24 

Fst*lab>wild	 appendage	development		 48736	 470	 0.026896 24 
1	Number	of	genes	from	Gene	Ontology	(Biological	Process)	from	FlyBase	FB2015_05 
**P-value	calculated	using	Benjamini-Hochberg	correction 
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5.4 Discussion 

5.4.1 Phenotypic and genetic differences in laboratory stocks 

The captive genetic model, Drosophila melanogaster, reveals hallmark features 

consistent with domestication. Laboratory strains show significant differences in behavior 

from their relatively recently isolated wild progenitors ( Figure 5.2). Previous studies 

comparing lab and wild-caught lines of D. melanogaster also report differences in egg 

and larval survival (Kohane and Parsons 1986) and life history traits such as pre-adult 

development, early fecundity, and remating frequency (Sgro and Partridge 2000; Houle 

and Rowe 2003). These traits comprise a suite of behavioral, physiological, and 

reproductive characters (Larson et al. 2014) that have converged across multiple strains 

evolving independently under similar laboratory conditions. Furthermore, it previously 

has been demonstrated that these traits can quickly evolve significant differences in as 

little as 8–10 generations (Frankham and Loebel 1992). 

It is paradoxical that domesticates, typically derived from small founder 

populations and maintained at very low effective population sizes, can effectively adapt 

to human conditions. From a population genetics perspective, we may expect the 

opposite: that small captive populations and lower Ne propagate the segregation and 

eventual fixation of deleterious mutations, thus, imposing a potentially large mutational 

burden on laboratory strains (Lynch and O’Hely 2001; Renaut and Rieseberg 2016). Our 

evolutionary parameter analysis reveals such drift-like signatures at the low end of the 

site frequency spectrum. Estimates of Grantham distances, R/S ratios, codon positional 

fraction, and codon bias support a general genome-wide reduction in selection on low-
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frequency derived alleles in the lab (Figure 5.6) where mildly deleterious alleles may 

persist for longer periods of time (Brisco et al. 1992). With a decrease in effective 

population size across each strain, inbreeding and drift dominate, which in turn, can 

quickly fix allelic and associated phenotypic changes across successive generations of 

captivity. Short-term isolation studies in Drosophila have shown similar rapid changes 

across a variety of phenotypes (Briscoe et al. 1992; Frankham and Loebel 1992) with 

reductions in performance levels (Miller and Hedrick 1993). Thus, the accumulation and 

fixation of mildly deleterious alleles, particularly on larger neurogenetic genes (see 

below), and subsequent inbreeding depression (Keightley et al. 2009; Vaiserman et al. 

2013) may promote both the rapid nature of domestication and its associated convergence 

of common behavioral traits. These docile and non-aggressive traits may alternatively be 

described as “lethargic” (at least relative to their wild-caught conspecifics), a term 

commonly applied to inbred, and often sickly, Drosophila stocks. 

When did these changes occur? Our results suggest that these changes towards a 

domesticated phenotype likely began very early on based on available standing genetic 

variation of the progenitor population. While heterozygosity in each contemporary 

isofemale lab strain is virtually zero (data not shown), as a whole, these five lab strains 

collectively only harbor a two-fold genome-wide decrease in nucleotide diversity, Θlab, 

relative to a large contemporary population from Raleigh NC (Figure 5.7). This diversity 

estimate primarily reflects the amount of genetic variation captured in each of the five 

lines from an ancestral population(s). The five lab strains share ~800,000 derived SNPs 

with extant global populations (a total of ~10 million non-singleton D. 
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melanogaster SNPs pass our data filters) indicating that laboratory stocks collectively 

extracted a significant fraction D. melanogaster genetic variation at their time of capture. 

The importance of ancestral standing genetic variation can also be seen in the 

17,250 lab-specific SNPs. In theory, these SNPs represent any of the following: i) de 

novo mutations that arose in the lab, ii) genetic variation that previously existed in an 

extinct North American population, or iii) a subset of genetic variation that has been 

completely lost in extant global populations. We estimate that only a small fraction of 

these SNPs can be generated de novo (3.5 × 10−9 mutations/bp/generation x 120 × 106 bp x 

20 generations/yr x ~75 years x 5 strains ≈ 3,150 lab-specific SNPs (Kneightley et al. 

2009). The remainder of the lab-specific SNPs was probably lost in extant wild 

populations during the last century. Strong evidence supports a recent global sweep in D. 

melanogaster that dramatically reduced species-wide genetic variation after these 

particular lab strains were collected (Kidwell 1994). Thus, from the large pool of 

available genetic variation from their North American progenitor populations, Canton-S 

and Oregon-R likely experienced similar selection pressures on common genetic variants 

(see below) during the earliest generations of lab domestication (Dyck et al. 2005). A 

phylogenetic analysis of shared lab/wild SNPs also supports a distinct origin of all lab 

strains (Figure 5.5). However, whether the lab strain monophyly is the result of an extinct 

progenitor population or the loss of global variation is unknown. The inclusion of more 

sequenced lab strains may differentiate between these two hypotheses. 
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5.4.2 Adaptation in the lab 

Caenorhabditis elegans, like D. melanogaster, has been lab-cultured for over 

50 years, and harbors pronounced differences in longevity and fertility when compared to 

wild isolates (Gems et al.  2000). Genome sequencing in the nematode identified SNPs 

differentiated between wild and long-term laboratory strains enriched for cell cycle and 

metabolic/growth genes (Weber et al. 2010). Their results suggest the presence of strong 

selection early in nematode domestication for optimal growth under rich nutrient 

conditions similar to the significant GO term, “behavioral response to nutrients”, found 

among lab-specific SNPs in fruit flies (Table 5.2). Laboratory mice have similarly been 

shown to converge certain phenotypes including melatonin deficiency (Kasahara et al. 

2010), and a lack of aggression and tameness (Goto et al. 2010; Chalfin et al.  2014). The 

results from our evolutionary parameter analysis, when limited to lab-specific SNPs in 

the mid- to high frequency range, support that common phenotypic signals of 

domestication observed in the captive fruit fly have been strongly shaped by selection. 

These derived SNPs, found in the majority of lab strains, show similar evolutionary 

patterns to high frequency SNPs from the wild and not to neutral expectations, unlike 

low-frequency SNPs (Figure 5.6). The laboratory setting presents an immediate change in 

the fitness landscape, permitting rapid and significant changes in phenotype that would 

be detrimental to their fitness in the wild, across relatively few generations  (Lynch and 

O’Hely 2001; Renaut and Rieseberg 2016). 

Inadvertent human habituation and unintentional conditioning may be the primary 

selective agent for such known differences among lab strains as faster development and 



   

 143 

reproductive time (Weber et al. 2010; Sterken te al. 2015). For instance, flies that rarely 

escape the bottle or benchtop may be selected due to human carelessness while fly stocks 

are transferred to new vials/bottles, or “flipped”. Our behavioral results support such a 

convergent shift towards less active and responsive flies ( Figure 5.2). From our genomic 

analysis, we find that neurogenetic genes, involved in such biological processes as 

neurogenesis and axon development, are enriched in extended haplotype blocks common 

to differentiated SNPs (both lab-specific and highly differentiated Fst*) found at high 

allele frequencies (≥0.8), with an overrepresentation of fixations on the X-chromosome. 

These genes affect locomotion and visual cues suggesting lab selection on genes involved 

in behavioral responses. 

While an excess of long extended haplotypes on high frequency lab-specific SNPs 

support an adaptive shift towards domesticated phenotypes, a relaxation of selection on 

certain loci involved in behavior may have co-occurred in the lab. Conditions in the 

laboratory are often optimized for growth and reproduction, reducing the natural ability 

of flies to escape predators or compete for food and mates. Thus, a relaxation of selection 

on activity levels, aggressiveness, and responsiveness, critical in the wild, may also drive 

the behavioral differences that converged across lab strains. Characters involved in 

mating, driven by the sparsity of mates in the vicinity, is a key difference between 

domestic and wild speciesKokko et al. 2003). Our behavioral results, showing a 

reduction in interactive activity in lab flies, is consistent with this hypothesis. In addition, 

our GO analysis of shared Fst*wild>lab SNPs, in which the derived allele is more frequent in 

the Raleigh NC population than lab strains, finds a significant enrichment of the 
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neurogenetic functional class, even when corrected for gene size. These SNPs are found 

in different genes than the SNPs harbored in long extended haplotype blocks, suggesting 

an extensive cache of genes involved in behavioral differences between flies reared in the 

lab and those found in the wild. A similar decrease in behavioral activity was observed in 

lab strains of mice (Yoshiki et al. 2009), with backcrossing to wild mice isolates allowing 

them to regain these previously lost behavioral functions (Chalfin et al.  2014). 

The use of inbred laboratory strains of D. melanogaster presented unique 

analytical challenges that differ from other domesticated studies. Due to initial and 

recurrent inbreeding and the lack of an interbreeding population, laboratory strains 

violate most population genetic models used to infer selection. In this study, the site 

frequency spectrum is only applied across isolated lab strains as a framework to bin our 

observed data and could not be used to infer population genetic parameters. Despite these 

difficulties, our results reveal an interplay of drift and selection at work in the lab. First, 

we find genome-wide levels of selective constraints in the lab that are significantly lower 

than a sampled North American population. This pattern is likely caused by low effective 

population sizes in bottles that promote the accumulation of mildly deleterious mutations 

under drift-like conditions, which we also observe in low frequency alleles. Second, we 

observe derived SNPs that are highly differentiated between the lab and a North 

American population to be significantly enriched in neurogenetic genes, suggesting a 

differential fitness landscape in behavior. This functional enrichment takes into account 

the number of genes in each functional class as well as their size. Third, we find 

signatures of positive selection on extended haplotypes in both lab-specific and highly 
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differentiated SNPs. These, too, are significantly enriched in neurogenetic genes. Fourth, 

there’s an enrichment of these changes on the X-chromosome (Figure 25.3; 

Figure 5.9;  Table 5.1). The preferential role of the X-chromosome is seen in marked 

differences in the site frequency spectrum between the X-chromosome and autosomes 

(Figure 5.3) and in the enrichment of long haplotype blocks on the X-chromosome 

(Figure 5.8). Since many of these long X-linked haplotype blocks are fixed in all five lab 

strains, the fixation of hemizygous loci likely occurred early in fly domestication. 

 

5.4.3 Preferential role for neruogenetic genes 

Our results suggest a central role for neurogenetic genes in domestication. Lab-

specific SNPs found in the majority of lab strains are strongly enriched for this functional 

class, as are highly differentiated SNPs found in high frequency in the wild 

(Fst*wild>lab SNPs; see Stanley and Kulatinal 2016b). Large outlier haplotype blocks also 

contain an overrepresentation of neurogenetic genes (Figure 5.9; see Stanley and 

Kulatinal 2016b). In most fly labs, inadvertent selection is inevitable: more active, 

reactive, and sensory-prone flies (and their alleles) have a higher probability of escaping 

during routine stock transfers. Hence, fly researchers may have unconsciously selected 

for lethargic flies over thousands of generations in the lab. Selected genes, enriched for 

sensory functions in eye photoreceptors and peripheral nervous system, can explain these 

behavioral shifts seen in lab strains. The significance of neurogenetic genes in changing 

activity and response behaviors across a relatively short evolutionary time period may 

also relate to how behaviors involved in premating isolation (Coyne and Orr 1989; Wu et 
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al. 1995; Coyne and Orr 2004) can swiftly and easily develop in a population by drift and 

selection. 

Recently, Wilkins et al. (2014) proposed a general hypothesis to explain the 

convergence of various phenotypic traits that differentiate mammalian domesticates from 

their wild progenitors. These traits are collectively known as the “domestication 

syndrome” (Hammer 1984; Broom 1990) and, in mammals, include such morphological 

modifications as depigmentation, facial skeletal, and floppy ears as well as behavioral 

shifts towards docility and tameness (Belyaev 1969). Wilkins et al. (2014) argue that a 

developmental deficit in neural crest genes can generate each of these differences, thus, 

explaining the commonality of these traits across domesticated mammals. Our results 

extend the behavioral component of the domestication syndrome to non-vertebrates but 

through a more general genomic mechanism based on the predominance of mutations on 

neurogenetic genes affecting overall locomotion and activity. In Drosophila, genes from 

this ontological category are among the largest in gene number and gene size, providing a 

large mutational target for rapid behavioral change (Figure 5.10). Currently, 1,708 out of 

17,716 genes are characterized as “neurogenetic” (according to FlyBase R6.05), and 

24 % of known fly genes are expressed in the brain and nervous system (Graveley et al. 

2011). We propose that a large mutational target (Houle 1998) of neurogenetic genes can 

explain the rapid evolution of behavior in animal taxa., These neurogenomic loci 

collectively provide a large genomic substrate for variation to accumulate, and then 

selection and drift to act, to quickly transform behavior within a relatively short time 

frame.
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Figure 5.10: Genomic coverage of functional classes. (A) Genes are functionally 
classified by gene ontology and may overlap multiple classes. Neural functional class is 
highlighted in blue. (B) Comparison between average size of neural vs. non-neural 
functional classes across gene regions. 
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5.5 Conclusions 

Tameness and docility are hallmark features of domestication and the product of 

artificial selection by breeders. Our results challenge the traditional notion that relatively 

submissive laboratory animals are solely the product of cumulating deleterious mutations 

and demonstrate how unconscious selection for human-favored traits plays an important 

role in driving rapid phenotypic change in the lab. Selection on a large pool of available 

genetic variation during the early stages of fly domestication, followed by strong and 

recurrent inbreeding, allow for the successive roles of adaptation and drift in shaping the 

genetic architecture of domesticated phenotypic traits in a bottle. Our study finds that the 

genes and phenotypes in fruit fly domestication are enriched in, respectively, 

neurogenetic and behavioral function, providing a starting point to decode the genomic 

basis of domestication and promoting its study in genetic model systems such as 

Drosophila. A detailed mapping of these genes and their SNPs to specific behaviors will 

not only be informative about the selective pressures that we have inadvertently applied 

to our immediate biotic environment, but may also provide new general insight on the 

divergence and isolation of populations. 

 

5.6 Methods 

5.6.1 Behavioral analyses 

Locomotory assays were performed separately on five lines of adult D. 

melanogaster (6–8 days post-eclosion), each of North American origin. Three lines 

(Canton-S, w1118, and Oregon-R) represent common laboratory stocks originally extracted 
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from nature at least seventy years ago (Figure 5.1). Two wild-caught lines were collected 

from Linvilla PA and Lancaster MA and reared under normal laboratory conditions for 

less than one year without specific selective regimes (courtesy of the Schmidt lab, 

University of Pennsylvania). Stocks were maintained in the laboratory at ~24 C, at ~40 % 

relative humidity, kept in standard 250 ml bottles on Lewis food medium (Louis 1960), 

and exposed to a 12 h light–dark cycle. Prior to behavioral assays, flies are anesthetized 

with light CO2 sedation (<15 s) for transfer and identification, and allowed to acclimatize 

in the arena setting for 30 min, post-sedation. Assays are conducted in Delrin arenas 

(McMaster-Carr) following specifications outlined in Simon and Dickinson (2010) to 

optimize mobility and provide an effective environment for automated tracking. To 

prevent locomotion on the ceilings, glass covers are coated with Sigmacote (Sigma 

Aldrich). Between assays, arenas are rinsed with ethanol and allowed to dry for a 

minimum of 15 min to ensure no residues remain from previous behavioral experiments. 

Assays are conducted during active afternoon periods across successive days. 

Each line is recorded using three independent replicates per line tested on different days 

and randomized to reduce experimental bias. Fly activity, post-acclimation, is recorded 

for 30 min. Individual and interactive activities are tracked using CTRAX and MATLAB 

(Branson et al. 2009). Errors in the initial tracking are corrected using CTRAX’s Fix 

errors scripts. All output measurements are analyzed using MATLAB and statistics 

implemented using custom R scripts. 
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5.6.2 Genomic data sources 

Whole genomic sequencing (125 bp paired-end) reads from three separate 

Oregon-R lines were downloaded from NCBI (SRX671605, SRX671606, SRX671607). 

Illumina 150 bp paired-end reads from Canton-S and w1118were obtained from the Hawley 

lab (Stowers Institute). Reference assemblies were generated by aligning filtered reads 

against the D. melanogaster genome following methods described by Lack et al. (2015), 

an assembly pipeline that adds an intermediate realignment step for the purpose of 

aligning reads around insertion and deletion sites. Briefly, paired-end reads were aligned 

using BWA v0.7.12 (Li and Durbin 2010) against the complete D. melanogaster 

reference genome (Dmel Release 5) obtained from FlyBase (flybase.org). Post-alignment 

files were transformed using SAMtools (McKenna et al. 2010) and Picard v1.79 

(broadinstitute.github.io/picard/). Bases are filtered for a minimum quality score of 30 

and a minimum read depth of 15x from VCF files generated by the Genome Analysis 

Toolkit (Mckenna et al. 2010).  Table S5 includes a brief summary of the raw data. 

 

Table 5.3: Summary of sequenced reads, strain origin, and distribution of lab-specific 
SNPs for each assembled laboratory strain. Counts within parentheses denote the number 
of lab-specific SNPs found among the five laboratory strains for each of the frequency 
classes, 1/5, 2/5, 3/5, 4/5, and 5/5. Each assembly used paired-end Illumina reads. All 
reads were filtered for quality and assembled against the D. melanogaster R5 genome 
(see Materials and Methods for further details). 
 

Strain	 Read	length	 No.	of	reads	(millions)	 Laboratory	of	origin	 	Lab-specific	SNPs	
Oregon-R	 125	 96	 Bloomington	 4444	(2244,	1479,	360,	286,	75)	
Oregon-R	 125	 55.5	 Elgin	 4728	(109,	2542,	1595,	411,	71)	
Oregon-R	 125	 89.2	 Orr-Weaver	 5226	(102,	2887,	1717,	445,	75)	
Canton-S	 150	 80.1	 Hawley	 4406	(3288,	779,	184,104,	51)	
w1118	 150	 84.9	 Hawley	 5379	(2695,	1817,	500,	292,	75)	
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To identify mutational states in the lab, 516 full genome assemblies from natural 

populations of D. melanogaster were downloaded from the Drosophila Genome Nexus 

(Lack et al. 2015) representing 23 countries from Africa, Europe, and North America 

(Langley et al. 2012; Mackay et al. 2012; Pool et al. 2012). Genome-genome alignment 

of D. simulans R2 assembly (Hu et al. 2013) against the D. melanogaster R5 assembly 

was performed using Progressive Mauve (Darling et al. 2010) using default parameters. 

To validate the quality of our alignment, the average number of nucleotide substitutions 

(Dxy; Nei and Kumar 2000) was estimated for 100 kb non-overlapping windows (Figure 

5.11) and genome-wide patterns compared to previous literature (Nolte et al. 2013). 

5.6.3 Genomic filters and annotations 

All genomic analyses were restricted to euchromatic chromosome arms (2L, 2R, 

3L, 3R, X). To minimize sampling biases, the combined dataset was subjected to 

coverage filters for missing data. For a particular site to be used, a minimum 75 % of the 

laboratory strains (n > 3) and a minimum of 75 % of the population samples (n ≥ 388) 

must contain a non-ambiguous nucleotide, with no more than two alleles present (i.e., 

only monoallelic and diallelic sites were included). SNPs are identified across all filtered 

base pairs, with singletons from global populations excluded to conservatively reduce the   
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Figure 5.11: Genome-wide nucleotide substitution (Dxy) plot for D. simulans and D. 
melanogaster. Dxy was calculated using 100,000 bp non-overlapping windows. Ovals 
denote centromeres. 
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effects of sequencing error from low-coverage global samples. Data were also 

filtered for the presence of a D. simulans allele to infer ancestral state. After filtering for 

data quality, coverage, and ancestral state, 98,442,787 eligible sites (Table 5.4) were used 

to identify SNPs differentiated between the lab and wild. 

 

Table 5.4: Base call quality control. Genome quality control filters use sequence coverage 
and the presence of a D. simulans R2 base call across chromosome arms. The number of 
lab-specific SNPs are indicated per chromosome arm.  
 

Chromosome	 Total	base	pairs	 Dsim	R2	allele	present	 	Data	filter	(>	0.75	nucleotides)	 Lab-specific	SNPs		
X	 22,422,827	 19,415,406	 17,402,172	 1,796	
2L	 23,011,544	 20,174,040	 18,889,359	 3,601	
2R	 21,146,708	 18,170,160	 17,376,300	 3,451	
3L	 24,543,557	 21,283,924	 20,193,845	 4,342	
3R	 27,905,053	 25,990,345	 24,581,111	 4,060	

Total	 119,029,689	 105,033,875	 98,442,787	 17,250	

 

We identify several types of derived mutations: SNPs unique to lab strains and 

SNPs significantly differentiated between lab stains and the wild. Derived SNPs uniquely 

found in labs (i.e., the lab strain(s) possess a base neither present in known global 

populations of D. melanogaster nor D. simulans) are classified as “lab-specific” SNPs. 

Highly differentiated SNPs, often shared across both lab and wild samples, were 

identified via Hudson’s FST estimator (Bhatia et al. 2013; Hudson et al. 1992) with 

FST scores Z-transformed as follows: Z-FST = (FST - µFST)/σFST. SNPs with FST estimates 

harboring a Z-score > 2.5 were considered highly differentiated (Fst*) SNPs. Fst* SNPs 

are further classified as either: i) “Fst*lab>wild” if the derived allele is found at a higher 

frequency in the lab, or ii) “Fst*wild>lab” if the derived allele is higher in frequency in the 

wild. Both lab-specific and Fst* SNPs can be further categorized as polymorphic 
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(1/5,…4/5) or fixed (5/5, or 4/4 in the case of missing data) with respect to their 

frequency among the five sequenced lab strains. 

SNPs are annotated by genomic location (e.g., genic vs. inter-genic) using 

FlyBase R5.9. SNPs located within a gene model, represented by their longest transcript, 

are further classified according to their annotated position within a gene model (5’UTR, 

exon, intron, 3’UTR), and their codon position (C1, C2, C3) if found within an exon. 

SNPs found within exonic regions are also classified as non-synonymous or synonymous. 

The relative fitness of each amino acid substitution is estimated using a Grantham score 

(Grantham 1974), which evaluates biochemical dissimilarity (based on polarity, amino 

acid size, and side chain composition) between ancestral and derived states, with lower 

Grantham scores indicating a greater biochemical similarity. Synonymous codon shifts 

are categorized into four separate classes (P2P, preferred codon > preferred codon; P2N, 

preferred codon > non-preferred codon; N2P, non-preferred codon > preferred codon; 

N2N, non-preferred codon > non-preferred codon) according to the classification of 

Vicario et al. (2007). 

5.6.4 Detecting selective signatures 

To determine whether selection is acting in the lab, we compared evolutionary 

patterns of coding region variation in lab-specific SNPs against: i) a North American 

population comprising of 205 DGRP genomes from Raleigh NC (Huang et al. 2014; 

Lack et al. 2015) and ii) neutral expectations. Since negative and positive selection 

differentially affects the site frequency spectrum, we bin these differentiated SNPs 
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according to their shared frequency among lab strains: with five strains, the site 

frequency spectrum is divided into fifths. 

To generate neutrally simulated data, n mutations, based on the number of SNPs 

found in the CDS of lab strains, are randomly assigned to D. melanogaster coding 

regions. SNPs within CDS regions are labeled according to their codon position (C1, C2, 

C3) and classified as a non-synonymous or synonymous substitution with synonymous 

SNPs classified as preferred or non-preferred codons. A simple model of equal 

probability of changing any position within the codon to another nucleotide is applied. 

1000 simulations are performed. After binning these simulated data into the five allele 

frequency classes, we estimate basic evolutionary parameters including mean Grantham 

score of amino acid substitutions, proportion of non-synonymous SNPs, fraction of 

polymorphisms in 1st codon position, and shifts in codon preference. Wilcoxon rank-sum 

tests (Wilcoxon 1945) are used to compare these neutral estimates, as well as those from 

the North Carolina population (n = 205), against parameter estimates from the lab strains 

(n = 5). 

Recent domestication studies have surveyed genomic regions for significantly 

reduced heterozygosity (Rubin et al. 2010; Rubin et al. 2012; Carneiro et al. 2014) to 

identify selectively swept candidate genes. However, heterozygosity is rare, if not absent, 

in isogenic strains of D. melanogaster (data not shown). For each SNP, we estimate the 

mean population (i.e., laboratory) haplotype length conditioned on frequency class. 

Haplotype length analyses are performed using custom perl scripts allowing for non-

congruent haplotypes to extend from each lab-specific SNP. Due to the lower sequencing 
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coverage of lab strains, a maximum of one individual per site is permitted to have 

missing data. Large outlier haplotype blocks are identified by a Z-hap score > 2.5. 

5.6.5 Phylogenetic and functional enrichment analyses 

To understand the topological relationship among lab strains, neighbor-

joining trees (Saitou and Nei 1987) are generated using p-distance (Nei and 

Kumar 2000) and bootstrapped 1,000 times (Felsenstein 1985) for laboratory-

specific and high Fst* (Fst*lab>wild + Fst*wild>lab) SNP sets. To evaluate the topologies 

between lab strains and extant populations, 100,000 SNPs that are shared in lab 

and nature were randomly chosen for NJ tree analysis and bootstrapped 1,000 

times using MEGA6 (Tamura et al. 2013). Overrepresented gene ontologies for 

differentiated SNPs are identified using DAVID (Huang et al. 2009) and 

FlyMine (Lyne et al. 2007). Gene sets are weighted according to the size of 

their categories and a False Discovery Rate (FDR) is used to correct for the 

deployment of multiple tests. For selected enrichment analyses, gene lengths 

were used to normalize the potential impact of genes from certain GO 

categories covering a disproportionate fraction of the genome. Gene annotation 

data for tissue specificity and ontogenetic stages are characterized using 

FlyAtlas (Robinson et al. 2013). 

5.7 Abbreviations 

bp:  base pairs 
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CDS: coding sequence 

Fst*: highly differentiated Fst 

Fst*lab>wild : high Fst with larger allele frequency in lab 

Fst*wild>lab :  high Fst with larger allele frequency in wild 

GO:  Gene Ontology 

CNS:  Central Nervous System 

R/S:  ratio of replacement to synonymous substitutions 

C1/C2+C3:  ratio of the first position codon to 2nd and 3rd position codons 

Θ:  nucleotide diversity 

SNP: single nucleotide polymorphism 

 Zhap: Z-score haplotype 

SD: standard deviation 

 NC: North Carolina 

NCBI: National Center for Biotechnology Information 

UTR:  untranslated region 

P2N (P2P: N2P, N2N), preferred to non-preferred codons 

  

DGRP:  Drosophila Genome Reference Panel 
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CHAPTER 6 

NEUROGENOMICS AND THE ROLE OF A LARGE MUTATIONAL 

TARGET ON RAPID BEHAVIORAL CHANGE 

6.1 Abstract 

Behavior, while complex and dynamic, is among the most diverse, derived, and 

rapidly evolving traits in animals. The highly labile nature of heritable behavioral change 

is observed in such evolutionary phenomena as the emergence of converged behaviors in 

domesticated animals, the rapid evolution of preferences, and the routine development of 

ethological isolation between diverging populations and species. In fact, it is believed that 

nervous system development and its potential to evolve a seemingly infinite array of 

behavioral innovations played a major role in the successful diversification of metazoans, 

including our own human lineage. However, unlike other rapidly evolving functional 

systems such as sperm-egg interactions and immune defense, the genetic basis of rapid 

behavioral change remains elusive. Here we propose that the rapid divergence and 

widespread novelty of innate and adaptive behavior is primarily a function of its genomic 

architecture. Specifically, we hypothesize that the broad diversity of behavioral 

phenotypes present at micro- and macroevolutionary scales is promoted by a 

disproportionately large mutational target of neurogenic genes. We present evidence that 

these large neuro-behavioral targets are significant and ubiquitous in animal genomes and 

suggest that behavior’s novelty and rapid emergence are driven by a number of factors 

including more selection on a larger pool of variants, a greater role of phenotypic 

plasticity, and/or unique molecular features present in large genes. We briefly discuss the 
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origins of these large neurogenic genes, as they relate to the remarkable diversity of 

metazoan behaviors, and highlight key consequences on both behavioral traits and 

neurogenic disease across, respectively, evolutionary and ontogenetic time scales. 

 
 
6.2 Background 

The diversity of behavioral phenotypes in the animal kingdom range from the 

subtle and cryptic to the extraordinarily bizarre. Behaviors such as territoriality, foraging, 

mating, predation avoidance, parental care, and communication generally evolve as 

newly derived traits to optimize the overall fitness of individuals with their surrounding 

environment and with each other. Such adapted behavioral traits are heritable and can 

evolve extremely quickly across relatively few generations (e.g., Belyaev 1969; 

Frankham and Loebel 1992). However, it is precisely this rapid evolution that makes 

behavior difficult to study using a comparative approach. Behavioral traits, when 

compared to morphological, physiological, and life history traits, show relatively little 

phylogenetic signal (Gittleman 1996; Gittleman et al. 1996; Blomberg et al. 2003) owing 

to behavior’s highly derived and labile nature. In addition, our understanding of the 

genetic basis of behavior is limited due to polygenic inheritance, our modest 

understanding of the complex interplay between development and physiology on neural 

circuitries, and plasticity in gene expression and cellular modeling in the face of variable 

environments (Plomin 1990; Anholt et al. 2014). 

While the species-specific nature of behavior makes it difficult to compare how 

behavior evolves relative to other functional classes, meta-analyses on multiple species 
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highlight their exceptional rate of change and importance in generating species diversity. 

In their classic study, Coyne and Orr (1989) compare genetic distance against the degree 

of reproductive isolation using hundreds of hybridizable species pairs from Drosophila 

and found that behavioral (prezygotic) isolation evolves much faster than postzygotic 

(F1 sterility/inviability) isolation (Figure 6.1).  

 

 
 

Figure 6.1: Prezygotic (sexual) isolation evolves faster than postzygotic isolation. Re-
drawing of data from Coyne and Orr (1997) contrasting premating (behavior) and 
postzygotic (sterility/inviability) rates of reproductive isolation across 86 Drosophila 
species pairs over a range of divergence times. Nei’s Genetic Distance (D) is used as a 
proxy for divergence. Only species pairs with both pre- and postzygotic isolation 
estimates were used. 
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While Coyne and Orr (1989) noted that rate differences disappear when sympatric 

species are ignored, this pattern suggests that behavioral differences can, and often, 

evolve first during species divergence. Similar results are found in birds (Price and 

Bouvier 2002), cichlids (Stelkens et al. 2010), and other fish (Mendelson 2003), and 

point to the commonality of rapid behavioral shifts across the animal kingdom in 

promoting species diversity. 

The importance of rapid behavioral change can also be seen on a much smaller 

evolutionary timescale. Domesticated behaviors such as tameness and docility evolve 

extremely rapidly, often in the span of a breeder’s lifetime (e.g., Belyaev 1969; Trut et al. 

2009; Schutz et al. 2001). Many livestock and pets have been bred for desired traits 

demonstrating the rapidity of adaptive change across heritable behavioral characters. 

Furthermore, experimental populations also demonstrate how selection can quickly 

change behavioral preferences within single digit generation times (Frankham and Loebel 

1992). Thus, both domestication and experimental population studies demonstrate the 

ease in which selection can rapidly transform a population’s behavioral interactions with 

its immediate environment, even despite diminished levels of genetic variation (Stanley 

and Kulathinal 2016). 

As seen in studies of artificial selection, from domesticated organisms to 

experimental evolution, selection can quickly drive behavioral change. So how does 

behavior evolve so rapidly and in a species-specific fashion, and what is its molecular 

signature? Rapidly evolving genetic systems typically show strong signatures of 

divergence at the genic level pointing to an underlying molecular mechanism. For 
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example, both immunity and reproduction are among the most diverged functional 

classes and encode genes that are similarly highly diverged (Makalowski and Boguski 

1998; Swanson and Vacquier 2002; Kualthinal and Singh 2012). These genes often 

harbor higher rates of amino acid replacement in their protein-coding regions, indicative 

of relaxed or positive selection. Therefore, one may similarly, and naively, expect higher 

mean divergence among neurogenic genes (i.e., higher Ka/Ks in genes expressed in neural 

tissues such as brain) compared to genes from other more conserved genetic systems. 

However, neurogenic genes are generally known to be well conserved (Hurst and Smith 

1999; Caceres et al. 2003; Nielson et al. 2005). In addition, molecular signals of 

adaptation in neurogenic proteins may be too subtle to identify due to the regulatory, 

polygenic, and epistatic nature of the behavioral code. It’s telling that despite decades of 

studying sexual isolation in many different animal taxa, we still have not identified 

behavioral genes that drive reproductive isolation. 

 

6.3 Presenting the hypothesis 

While fast evolving genes generally encode rapidly evolving genetic systems, the 

converse is not always true. Our case in point: rapidly evolving behaviors are usually 

encoded by relatively conserved neurogenic genes. To explain this discordance, we 

suggest that the rapid emergence of behavioral novelty throughout the animal kingdom is 

a consequence of the disproportionately large size of its neurogenic targets. Large neuro-

mutational targets can then accelerate the evolution of behavioral phenotypes in 

metazoan taxa with nervous systems by providing large functional structural and 
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regulatory substrates for evolutionary, genetic, and molecular mechanisms to act upon. 

Thus, instead of a direct correlation of evolutionary rates between behavioral phenotypes 

and their underlying genes, we expect neurogenic genes to cover a large functional 

fraction of the metazoan genome. 

To explain how a large mutational target can effect rapid behavioral change, we 

offer several potential mechanisms. First, larger genomic targets may simply provide a 

proportionally larger number of variants for selection and/or drift to act upon. This 

hypothesis places mutational input (Houle 1998) at the forefront of rapid behavioral 

change. It has also been shown that larger genes tend to produce more transcripts through 

alternative splicing Grishkevich and Yanai 2014 resulting in a greater potential to 

generate phenotypic novelty (Lynch 2007). Thus, a richer variant pool 

promotes evolutionary processes such as selection and drift, with recombination 

providing an accelerated path to ascend fitness peaks Smitih (1970). Second, a larger 

allelic pool may increase phenotypic plasticity and associated evolutionary diversification 

(Eberjard 1990). This genetic explanation places a dynamic signaling environment, full 

of biotic and abiotic cues, as driving adaptive behavioral response via heritable 

neuroplasticity (Amad et al. 2014). Third, large genes have recently been found to exhibit 

unique molecular properties that may contribute to the variation in expression of neuro-

behavioral phenotypes (Sugino et al. 2014). Recent work has shown that double-strand 

breaks (Wei et al. 2016), transposable elements (Erwin et al. 2014) and de 

novo mutations in transcriptional repressors that affect topoisomerase activity (Gabel et 
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al. 2015) have a greater effect on large neural genes and have been recently implicated in 

a number of neurodevelopmental disorders. 

Lastly, we predict that neurogenic genes will cover a significant fraction of the 

genomes of taxa with nervous systems and an ability to respond to complex stimuli. The 

complexity of behavioral phenotypes in a given taxa is expected to correlate with the size 

of the neurogenome across broad phylogenetic distances from ctenophores to bilaterans 

(Moroz et al. 2014). Neurogenetic genes provide the basis for complex metazoan 

behavior to evolve including the ability to propagate action potentials, transmit and 

receive neurotransmitters, and produce and maintain long axonal processes. Collectively, 

these genes permit animals to integrate multiple signals and generate appropriate 

responses by communicating intercellularly over large distances nearly instantly. 

 

6.4 Testing the hypothesis 

6.4.1 Neuro-behavioral genes are larger, but more conserverd 

Recent work provides evidence that mammalian brains and neuronal tissue 

express genes that are longer on average than other tissues (Gabel et al. 2015). A similar 

study also found that transcriptomes from various neuronal subtypes are significantly 

biased towards longer transcripts when compared to non-neuronal cell types (Zylka et al. 

2015). To test whether other animal taxa exhibiting complex behavior possess the same 

pattern, we first compared different functional ontologies using expertly curated 

annotations from humans and flies, with each gene separated into coding and non-coding 

regions. In each of the reference genomes, neurogenic genes encode a disproportionately 
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larger genomic target when compared to other hierarchically-similar, systems-based 

ontologies (Figure 6.2a and f). In humans, neurogenic genes comprise approximately five 

percent of genes in humans yet cover approximately a tenth of the total genic space. 

Specifically, we find that neurogenic genes contain significantly larger CDS (Figure 

6.2b and g) and UTR (Figure 6.2c and h) regions along with an increased regulatory 

repertoire harboring a greater number of microRNA targets (miRNA; Wilcoxon P < 0.05; 

Figure 6.2d and i) and transcription factor binding sites (TFBS; Wilcoxon P < 0.01; 

Figure 6.2e and j). Do similar patterns exist in other metazoan groups? Using additional 

taxa, each with annotated genomic data, we compared a similar set of characteristics 

among neurogenic genes. Again, across all taxa examined including ctenophores (Figure 

6.3), neurogenic genes were longer in both transcript and CDS length with some species 

possessing a greater number of exons, potentially suggesting a greater transcript diversity 

due to alternative splicing (Figure 6.4). While the neurogenome has a large footprint, its 

encoded proteins do not exhibit higher divergence rates, in terms of Ka/Ks, between 

human and murine genomes (Figure 6.5) indicating that neither positive Darwinian 

selection nor relaxed selection correlates with the rapid divergence of behavioral 

phenotypes. On the contrary, amino acids appear to be more conserved 

(Wilcoxon P < 0.001, Figure 6.5), as reported previously (Hurst and Smith 1999).  
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Figure 6.2: Disproportionately large neurogenetic targets in humans and flies. Total 
genomic coverage for the ontological class “neurogenetic” in (a–e) Homo sapiens and (f–
j) Drosophila melanogaster. Average per gene size of coding region, CDS (b, g), 
untranslated regions, UTRs (c, h), number of microRNA targets, miRNA (d, i), and the 
number of transcription factor binding sites, TFBS (e, j). Asterisks above each 
comparison indicate significant differences between neural and non-neural gene sets 
using a Wilcoxon rank sum test (*P < 0.05, **P < 0.01) 
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Figure 6.3: Neural vs. non-neural gene length in ctenophores. 

 

 
Figure 6.4: Large metazoan neurogenome. Total base pair coverage of neurogenetic vs 
non-neurogenetic genes across a dozen metazoans. a Mean transcript sequence length, (b) 
Mean coding DNA sequence length, CDS, (c) Mean number of exons per gene. Analyses 
based on human gene ontology annotations. Asterisks next to individual species 
comparisons indicate significant differences between neural and non-neural gene sets 
using a Wilcoxon rank sum test (*P < 0.05, ** P < 0.01). 
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Figure 6.5: Neurogenetic genes are more conserved. Violin plots based on estimates of 
selection (Ka/Ks) for neural vs non-neural genes between human and mouse. Asterisks 
above each comparison indicate significant differences using a Wilcoxon rank sum test 
(**P < 0.01). 
 

 

6.4.2 Mechanisms of rapid behavioral evolution 

While a significantly larger neurogenomic target is observed across animal taxa, 

its role in effecting rapid behavioral change remains unknown. The recent ease and low 

cost of sequencing should help differentiate among a variety of mechanisms. One 

hypothesis is that a larger neurogenomic target simply increases the number of functional 

sites available to quickly transform behavioral phenotypes via drift and selection. 

Surveying GWAS SNPs with a significant effect size on behavioral phenotypes or 

disease (e.g., Welter et al. 2014) will inform us about the nature and relative frequency of 

such mutations in regulatory vs. structural regions of the neurogenome. Transcriptomes 

from neural tissues and cell types can also be sequenced to identify candidate de 
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novo transcripts to eventually be assayed for behavioral effects. Whether the same variant 

has a different phenotype in other populations with divergent environmental cues may 

also help us understand the role of allelic variation on behavioral plasticity. In this case, 

the magnitude of adaptive behavioral plasticity is proportional to the number of allelic 

variants with variable heritable responses across changing environments (Gupta and 

Lewontin 1982). Genetic models such as Drosophila, nematodes, and mouse, that can 

control both the genetic background and environmental conditions as well as accurately 

quantify behaviors, will be an important tool to address the extent of adaptive behavioral 

plasticity (Anholt and Mackay 2004). Furthermore, we note that large genes, due to their 

shear size, may also harbor a greater number of mobile DNA elements and double-strand 

breaks that result in phenotypic change. For example, transposable elements have 

recently been found to actively retrotranspose during neurogenesis, providing a dynamic 

regulatory mechanism to effect rapid behavioral responses (Erwin et al. 2014). 

On the other hand, there is mounting evidence that such disruptive events are 

inherently biased towards large genes. In a recent study, recurrent double-strand breaks 

(DSB) were found to be enriched in long genes, even when normalized for gene size, 

demonstrating that longer genes are more susceptible to DSB-induced genomic instability 

(Wei et al. 2016). These somatic changes are believed to help generate greater neuronal 

diversity via genomic mosaicism (Erwin et al. 2014). Alternatively, a few genes may 

control the downstream expression of large neurogenic genes due to their unique 

transcriptional properties. Recently, a higher rate of neurodevelopmental disorders was 

found to be caused by topoisomerase disfunction that generally targets large genes via 
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epigenomic mechanisms (Zylka et al. 2014). In particular, de novo mutations of methyl-

CpG-binding protein 2 (MECP2), a transcriptional repressor of large genes (Lossifov et 

al. 2014), causes the X-linked neurodevelopmental disorder, Rett’s syndrome. Thus, 

small changes in a neurodevelopmental “control” gene can single-handedly transform the 

expression of a broad cast of large neurogenic genes. The use of genome editing tools to 

change/delete specific sites or gene regions will certainly assist us in understanding the 

genetic etiology of behavior. 

6.4.3 On the origins of behavioral diversity 

 The large mutational target hypothesis predicts that the range of behavioral 

phenotypes expressed in an organism is proportional to the size of its total underlying 

neurogenic code. Thus, a comparative genomics analysis on taxa with differing levels of 

behavioral complexity could be applied across diverse metazoan lineages. Fortunately, 

large and conserved neurogenic genes present ideal markers to identify distant orthologs 

needed to study the evolutionary origins of behavioral novelty. In addition, 

comparative de novotranscriptomic analyses can quickly provide new insight, even in 

taxa without an assembled genome. The large mutational target hypothesis also predicts a 

greater birth rate of neurogenic genes in species that have evolved new complex 

behavioral adaptations such as gene family expansions of neuronally-expressed 

protocadherins and C2H2 zinc-finger transcription factors in cephalopods (Albertin et al. 

2015). In addition, the application of a genomic phylostratigraphical approach (Domazet-

Loso et al. 2007), based on well-studied neurogenic genes in mammals and insects, may 

allow researchers to time the origin of behavioral innovations (a task nearly impossible to 
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perform with behavior using the fossil record) by mapping neurogenic genes to ancestral 

nodes. Finally, applying functional assays on a number of these ancient large genes—the 

early progenitors of today’s neurotransmitter receptors, axon guidance factors, signaling 

molecules, and other neural-related functions—will tell us much about the evolution of 

ancient nervous system function and the origins of complex behavior in early metazoans. 

 

6.5 Implications of the hypothesis 

Studying the genes that underlie genetic systems has emerged as a powerful 

framework to understand and infer rates of phenotypic change (Swanson and Vacquier 

2002; Singh et al. 2012). Rates of evolutionary change at the molecular level often 

correlate with rates of phenotypic change providing insight into species-level processes 

that occurred in the past. For example, conserved phenotypes such as cellular growth and 

metabolism are typically encoded by slowly evolving genes and indicate the critical and 

ubiquitous importance of these essential genes for basic survival. On the other hand, 

rapidly evolving systems such as immunity and reproduction are encoded by some of the 

fastest evolving proteins suggesting their involvement in a dynamic arms races with 

multiple genes co-evolving under positive Darwinian selection. Subsequently, signatures 

of negative and positive selection in genomic sequences are often used to predict the 

extent of phenotypic change. However, among many genetic systems, the correlation 

between molecular and phenotypic evolutionary rates often fails due to the polygenic and 

regulatory nature of complex phenotypes, functional pleiotropy, and species-specificity 
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that removes traits and genes from the comparative framework. Thus, a complementary 

framework is needed. 

6.5.1 Mutation’s key role driving rapid behavioral change 

The large-target effect places mutation at the forefront in generating phenotypic 

innovation. Mutation’s perceived role in driving evolutionary patterns has changed over 

the last century from a position of prominence (Goldschmidt 1940; Gillham 2001) to 

enabling selection (Fisher 1930). This duality—the randomness of mutation coupled to 

deterministic selection—provides a dynamic in which adaptations are quickly generated 

and fixed, and fits contemporary views that organismal complexity is driven by selection 

on a genetic landscape originally populated by non-adapted processes (Lynch 2007; 

Koonin 2009). When an entire spectrum of mutations (e.g., point mutations, indels, 

isoforms, CNVs) and epistatic interactions are involved, linear increases in the mutational 

landscape suddenly become exponential with respect to the number of recombined 

haplotypes for selection or drift to act upon. 

6.5.2 Structural vs. regulatory effects on behavioral change 

Behavior exemplifies the disconnect between genotypic and phenotypic rates of 

change: relative to other functional gene classes, its underlying neurogenic genes do not 

show associated signals of rapid divergence. On the contrary, we find lower mean 

Ka/Ks indicating greater functional constraints at the protein level, indicating that 

structural mutations may impose a greater effect on fitness per amino acid unit (Figure 

6.5). This general pattern of lower d Ka/Ks has been previously observed in comparative 
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studies of genes expressed in the brain (Hurst and Smith 1999; Caceres et al. 2003; 

Nielsen et al. 2005). Stronger purifying selection on the protein alternatively may suggest 

that rapid evolution is primarily driven in the regulatory region. Thus, the rapid rate of 

change and extraordinary diversity found in animal behaviors may ultimately be driven 

by the disproportionately large regulatory size of its underlying neurogenic genes. 

Behavior may exemplify this “evo-devo” view (e.g., Hoekstra and Coyne 2007) by 

evolving predominantly through cis-regulatory but not structural protein change. 

6.5.3 Neurogenomics and reproductive isolation 

The large mutational target effect impacts how variation accumulates, is 

maintained, and becomes eventually utilized in a population (Houle 1998; Walsh and 

Blows 2009). Large neurogenic genes and genetic systems play a key role in behavior 

influencing not only survival, but also mate choice and recognition. A large pool of 

behavioral mutations provides an abundance of additive genetic variation for sexual 

selection to choose from (Fisher 1930;  Falconer and Mackay 1996) and should correlate 

with rates of behavioral change. These behavioral variants may then play a key role in 

forming new species (Mayr 1963). For example, adaptive radiations such as anole lizards 

(Losos 2009), Hawaiian Drosophila (Carson and Kaneshiro 1967), and cichlids  

(Seehausen 2006) highlight rapid behavioral change in habitat and mate preferences 

(Losos 2010). 

Recent studies on the genomics of speciation in closely related species and 

divergent populations identified candidate genes involved in behavioral preferences that 

enable species to better adapt to their immediate abiotic and biotic surroundings (e.g., 
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(Fang and Takahashi 2002; Saether et al. 2007). Large differences in behavioral 

phenotypes are especially observed among so-called sibling species indicative of 

behavior’s dynamic nature. In fact, sexual isolation is thought to be a common driver of 

speciation (Coyne and Orr 2004) with sexually dimorphic behaviors such as preference 

and aggression changing rapidly within species as a result of sexual selection (Darwin 

1871), and include models of accelerated runaway selection (Lande 1981), sexual conflict 

(Rice 1996), and mating discrimination between species due to reinforcing mechanisms 

(Noor 1995). Thus, behavior’s uniquely large genomic architecture presents a common 

mechanism in driving species divergence in animal taxa. 

6.5.4 Rapid behavioral change in domesticated animals 

The availability of a large variant pool provides a substrate for rapid phenotypic 

change over short periods of time. The large-target effect can explain similarities in 

domesticated phenotypes, thus, offering an alternative genomic mechanism for the 

behavioral component of the “domestication syndrome” and the propensity for 

“tameness” in domesticates (Wilkins et al. 2014). Darwin’s introductory chapter in 

Origins (Darwin 1859) highlights the rapidity of artificial selection in domestication, 

providing some of the most engaging examples of evolution in action. In recent years, 

numerous genomic studies have identified neurogenic genes involved in domestication 

(Paudel et al. 2013; Carneiro et al. 2014; Li et al. 2014; Stanley and Kulathinal 2016. 

Additionally, Wilkins et al. (2014) has implicated the potential role of neural crest cells in 

domestic species, focusing on common morphological phenotypes seen across domestic 
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phenotypes. We suggest that these neural crest genes may provide a disproportionately 

large genomic target for rapid change to occur. 

6.5.5 Polygenic adaptation and behavior 

Many, if not most, species-specific behaviors are thought to be result of adaptive 

processes. The large target hypothesis places polygenic adaptation in the spotlight and 

highlights the need to develop more robust tests of selection by modeling fluctuating 

selection (Messer et al. 2016) or using systems-based approaches (Sheinfeldt and 

Tishkoff 2013) to test adaptive hypotheses. The failure to identify adapted behavioral 

candidate genes is likely due to our inability to detect soft selective sweeps in this 

genome-scaled form of polygenic adaptation (Prichard et al. 2010) with selective 

responses based on subtle allele frequency changes across many loci (Rockman 2011; 

Wellenreuther and Hannson 2016). This multi-allelic, polygenic framework partners both 

standing genetic variation and de novo mutations in promoting behavioral novelty. The 

polygenic nature of behavior also reduces the chances that SNPs and genes involved in 

neurodevelopmental disorders are discovered. The presence of large neurogenic targets 

makes it more difficult to elucidate the genetic basis of neurodevelopment as a 

disproportionate number of rare and subtle variants in populations greatly reduces the 

power of GWAS, resulting in a large missing heritability component in many 

neurological disorders (Manollo et al. 2009). 
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6.5.6 Large-target effect and the commonality of complex disease 

The large mutational target effect may also play a role on an ontogenetic time 

scale, i.e., within the lifetime of an organism. For example, the higher incidence of de 

novo diseases encoded by large genes such as cystic fibrosis may result from their larger 

mutational target. Veltman and Brunner (Veltman and Brunner 2012) previously 

proposed that the frequency of disease is directly proportional to the mutational target 

size of its underlying genes, and suggest that the large number of genes involved in brain 

developmental and function may determine the high frequency of neurodevelopmental 

disorders in humans. 

We further suggest that the well-known correlation between neurogenic spectrum 

disorders in children and paternal age (O’Roak et al. 2012; Neale et al. 2012; Sanders et 

al. 2012) is a direct result of a large neuro-mutational sink. While female gamete 

production ceases at the onset of puberty, male gamete production continues throughout 

their lifetime allowing mutations to accumulate in germ-line cells. Since DNA damage in 

sperm correlates with age (Kong et al. 2012), males continually acquire mutations. Thus, 

the large mutational target effect may explain why neurodegenerative disorders have a 

higher probability of occurrence in children with older fathers, i.e., a paternal age effect 

(Table 6.1), in addition to manifesting an overall higher variance in phenotypic 

expression. 
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Table 6.1: Neurodevelopmental disorders associated with increased parental age. 

Disease Study 

Autism Hultman et al. 2010; Alter et al. 2011; Frans et al. 2013; Alter and Nesbit 2014 

Schizophrenia Svensson et al. 2012; Jaffe et al. 2013; Pederson et al. 2013 

Dyslexia Jayaskera and Street 1978; Saha et al. 2009 

Rett Syndrome Goriely et al. 2013 

Neurofibromatosis Jadayel et al. 1990; Kluwe et al. 2000; Conti et al. 2013 

 

6.6 Large-target effect in other functional systems 

While the large mutational target effect provides a genomic explanation for the 

predominance of behavioral divergence in metazoan populations and species, this 

systems-based framework can also be applied to any over-represented functional system. 

In general, random mutations on functional classes of genes that cover a sizeable fraction 

of the genome—whether the result of larger genes, more genes, or both—will lead to 

these functional classes evolving faster with potentially important evolutionary 

consequences. For example, rodents possess nearly double the number of olfactory 

receptor genes, reflective of the tremendous range of smells that murines can adaptively 

respond to, compared to other mammals (Zhang and Firestein 2002). 

Another example is hybrid male sterility which, due to its commonality across 

taxa, has often been called a “rule” of speciation (Coyne and Orr 1989). In Drosophila, 

nearly a quarter of the genome is transcribed in and near spermatogenic genes (Lindsley 

et al. 2012) and ~60 % of all genes are expressed in the testes (Gravely et al. 2011). 

Thus, as one of the largest functional targets in Drosophila, rapidly accumulating 

mutations (e.g., Orr 1995) in male reproductive genes (Singh and Kulathinal 2005; 
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Lindsley et al. 2012) may promote the ubiquitous development of hybrid male sterility in 

fruit flies as an initial stage in speciation (Coyne and Orr 1989). Thus, if we view a 

phenotype as the sum of its genetic parts, then the rate of phenotypic change becomes a 

function of its underlying genomic size. 

 

6.7 Conclusions 

Behavior is among the most rapidly evolving and derived traits in the animal 

kingdom, yet we know very little about the genes, genetic architecture, and evolutionary 

forces that promote their rapid divergence (Anholt et al. 2013). Here we present evidence 

that neurogenic genes are significantly longer, providing among the largest genomic 

coverage of any ontological class in metazoans. These data results direct our attention to 

genomic architecture and the underappreciated role of a large mutational target on 

effecting rapid phenotypic change. Such changes occur over developmental and 

evolutionary time scales and have direct and indirect consequences that include the rapid 

development of behavioral isolation between species, the commonality of domesticated 

behaviors, and paternal age effects on neurogenerative disorders. The large mutational 

target effect provides a much-needed mutational component to explaining system-wide 

phenomena across a diverse set of taxa and the evolvability of complex phenotypic traits 

(Kirschner and Gerhart 1998; Landry et al. 2007; Walsh and Blows 2009). This 

hypothesis places a greater emphasis on the neurogenomic landscape, regulatory 

mutations, and historical contingency (e.g., Yanai and Lercher 2016) to offer new insight 

into how behavior can evolve so rapidly. It is intriguing to think that animal behavior, 
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and its crucial importance to survival and reproduction, is largely driven by a genomic 

legacy of large yet conserved metazoan genes. With a greater comprehensive knowledge 

of genomes and their annotated genetic elements, this systems genomics framework 

provides many exciting new hypotheses to test. 

6.8 Abbreviations 

CDS:  Protein-coding region sequence 

CNV:  Copy number variation 

CpG:  5’-cytosine-phosphate-guanine-3’ sites 

DSB:  Double-strand break 

GWAS: Genome-wide association study 

Ka/Ks :  Ratio of nonsynonymous substitutions per nonsynonymous site (Ka) to the 

  number of synonymous substitutions per synonymous site (Ks), in the  

  coding  region of a gene 

miRNA: microRNA 

SNP:  Single nucleotide polymorphism 

TFBS: Transcription factor binding sites 

UTR: Untranslated regions (5’ and 3’) that straddle the coding region of a gene on 

  a strand of mRNA 
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CHAPTER 7 

CONCLUSIONS 

 Genomic architecture provides key insights into past evolutionary patterns and 

processes that are often elusive at the level of the organism. Using a comparative 

functional systems approach, we are now able to uncover evolutionary relationships at 

the molecular level that are oftentimes unexpected and cannot be inferred by examining 

traits through a phenotypic lens. Throughout this dissertation, I primarily leveraged the 

extensive functional knowledge characterized in the model system, Drosophila, to study 

the patterns and impacts of rapidly evolving reproductive functional systems in driving 

genomic, population, and species divergence and, ultimately, the extraordinary diversity 

of life.   

 My dissertation comprises of a series of interconnected studies. I first extend 

previous work demonstrating the rapidly evolving nature of reproductive functional 

systems by highlighting tissue-specificity as a critical component in the study divergence 

(Chapter 2). This finding is important for two main reasons. First, from an 

empirical/practical point of view, we are better able to uncover underlying drivers of 

divergence between species. For example, while reproductive systems have been shown 

to evolve rapidly, only with the knowledge to leverage functional system specificity do 

we uncover signals revealing that genes underlying sperm development are among the 

most rapidly evolving groups, and not that of other more granular male tissues (e.g., 

ACPs and SFPs), thus, providing more power to test specific functional hypotheses (e.g., 

sperm competition vs. sperm-egg conflict theories of sexual selection). Second, from a 



   

 182 

more theoretical/evolutionary perspective, it is only with specialization that certain 

functional systems can evolve to be more dynamic and innovative (Chapter 3). 

 While studying divergence and selection using a phylogenetic framework, i.e., at 

the species level, has helped us to better understand patterns of functional diversity, the 

timeframe is much too large to identify the initial population-level processes driving 

these differences. Using population genomic data, we can uncover the evolutionary 

processes underlying functional shifts at the species level. From population data derived 

from both New and Old World populations of Drosophila melanogaster, I uncover 

pervasive signals of directional selection on male-specific genes. Moreover, using these 

approaches, we are able to quantify levels of selection and show that genes displaying the 

highest selection coefficients are expressed specifically in male gonadal tissues and are 

involved in sperm motility. These conspicuous molecular signatures point to the 

significant impact of male reproductive genes in shaping a large component of the 

functional genomic architecture as male gonadal-specific genes encompass ~15% of the 

protein-coding genes in D. melanogaster. However, very little correlation exists between 

species and population level measures of selection, highlighting the importance of 

consistent selection on functional systems, but not on individual genes (Chapter 3). It is 

also important to note that although female gonadal-specific genes cover a similarly high 

fraction of the proteome (14%), they constitute a very conserved core of the overall 

genomic landscape due to strong purifying selection. 

 Behavioral isolation has been thought to be an important mechanism of 

reproductive isolation during incipient stages of speciation and is among the most rapidly 



   

 183 

evolving classes of function (Coyne and Orr 1989). Unfortunately, there is a conspicuous 

absence of genomic studies that compare rates of evolution among behavioral gene 

classes. With reproductive behaviors such as courtship and mating intrinsically tied to 

sexual selection and population divergence, I was committed to directly take on this 

challenge of identifying rapidly evolving behavioral genes by studying laboratory 

domestication, a previously unaddressed phenomenon. Animal domestication is known 

drive some of the most diverse phenotypic and behavioral differences between 

domesticates and their ancestral progenitors. Less than 100 years diverged from their 

wild conspecifics, laboratory D. melanogaster are known to exhibit differences in 

behavior (Chapter 4). Using a comparative genomics approach, I identified long extended 

common haplotypes common to all sampled laboratory strains that are enriched in 

neurogenic genes. With the aid of a high-throughput behavioral assay that I developed in 

the lab, I also found significant differences in behavior between lab and wild strains. 

Thus, in less than a century, rapid behavioral changes at both the phenotypic and genomic 

levels evolved in the laboratory and I was able to characterize it.  

 My domestication results above demonstrated the utility of studying rapid 

evolution using laboratory models via a comparative genomics approach. Using the 

facultative parthenogenetic fruit fly, D. mercatorum, isolated in the laboratory for 50 

years,  I examined shifts in evolutionary forces on genomic architecture in strains lacking 

males. While no significant changes to the male genome were identified, loss of male-

biased expression in genes involved with sensory perception and sperm formation 

(Chapter 5) suggest that the initial stages of male deterioration may have already begun. 
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Along with this loss of male-bias, I uncovered shifts in mating behavior over a relatively 

short time scale (less than fifty years), and suggest that behavioral functional systems are 

more mutable as previously discussed (Chapter 5).   

 In the domestication study, I noticed that neurogenic genes are typically larger 

than other genes and take up a much larger fraction of the genomic landscape. Is it 

possible that by simply hosting more real estate for mutations, behavioral changes and 

innovation could evolve at a faster rates through mutation-selection?  To address this 

question, I surveyed multiple genomes whether this genomic architectural feature of 

larger neurogenetic component is a general evolutionary pattern in species other than 

Drosophila. In a broad survey of animal taxa, I demonstrate that neural genes as a 

functional class, like that of male reproduction, cover a large proportion of the genome 

across animal phyla suggesting a potentially large effect on complex phenotypes such as 

behavior. Extending the work from Drosophila to all animals, I present this new 

hypothesis, the “large-target effect,” that provides a genomic architectural mechanism to 

explain the high diversity of behaviors and the rapidity of its change across animal taxa. 

This hypothesis may provide a critical piece concerning animal evolutionary history, and 

has interesting medical implications (Chapter 6). 

 Together, the above findings extend and expand upon previous literature on 

rapidly evolving reproductive systems on genomic architecture. Specifically, I emphasis 

two fundamental concepts based on my results and argue these should be taken into 

account in future functional genomic studies. First, there are important implications based 

on my results concerning the genomic architecture of functional systems and rapid 
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phenotypic change. As shown here, gene size can have an important effect, influencing 

the amount of genetic variation within a functional system by potentially limiting or 

driving innovation. Second, the architectural importance of functional-specificity is 

critical in ascribing evolutionary patterns and processes and shaping the diversity of 

complex phenotypes. Demonstrated here in multiple instances, signals of selection and 

divergence are often masked by components that are general across functional systems 

and, thus, will often go unnoticed. 

 In addition to significant scientific discovery, my dissertation also includes the 

development of significant products that will lead other researchers on the path to 

discovery.  I developed, disseminated, and published several community resources  

including integrated ethomics-genomics curricula (Appendix A), a high-quality genomic 

alignment (D. melanogaster – D.simulans, chapter 5) that is already being used in other 

databases, a novel high-throughput mating assay (chapter 4,5), a D. mercatorum 

reference genome (chapter 4), and a comprehensive comparative genomics database 

(flyDIVaS, chapter 2). As a genomicist, my publications include other genome-wide 

datasets for the community to use including divergence and selection data in D. 

melanogaster, and a series of templates in which other model and non-model organisms 

could follow to facilitate user-friendly resources in evolutionary genomics.  

 In conclusion, I primarily applied a systems-based functional comparative 

genomics approach and integrated genomic-scale data analyses with high-throughput 

functional assays to test evolutionary hypotheses concerning early population divergence 

. This dissertation highlights my doctoral work in discovering new patterns (e.g., rapid 
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evolution of tissue-specific genes, large neurogenetic targets with implications to rapid 

behavioral change), processes (e.g., pervasive selection on male-specific traits in 

populations, constant selection on different genes in functional systems), and developing 

new community tools and resources (e.g., curricula, Dmel-Dsim alignment, high-

throughput mating assay, Dmerc genome, flyDIVaS). Overall, my dissertation provides a 

significant advance in knowledge concerning the genomic architecture of reproductive 

functional systems, with many more discoveries to come in the future. 
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phenotypic ontologies, ii) molecular characterization of genes and exploration of genomic 
tools/resources via FlyBase to address function. 
Behavioral observations.  In Part 1, pre-recorded videos of fruit fly behavior will be accessed via YouTube. 
Pairs of students will be assigned different videos by providing them with the URL links (email works 
best as they could simply cut-and-paste the link into a web browser). Each 15 minute video will display 5 
males and 5 females in a small arena. The videos are found in the YouTube channel entitled, "Fruit Fly 
behavioral videos". You can use the YouTube search engine with the phrase, "ethomics and genomics" 
or the title of the lab, "Behavioral Genetics: Investigating the genes of a complex phenotype in fruit flies" 
to access these videos. Students will fill in their Worksheet (from their Student Handout) as they watch 
the video. 
Using FlyBase to characterize candidate genes.  In Part 2, the online biological knowledgebase for 
Drosophila, FlyBase, will be used to identity and characterize candidate genes involved in the behavioral 
phenotypes that the students observed in Part 1. It is recommended that the same student pair share 
the same computer and take turns navigating through FlyBase so that they can learn from each other. 
Alternatively, the instructor could demonstrate the exercise to the class via a large screen (an internet 
connection is still required), although this requires extra effort by the instructor to elicit full classroom 
engagement and severely limits the active-learning component of this exercise. 

 
1.3.  Concepts for pre-discussion 

x Genotype vs. phenotype 
x Using Drosophila melanogaster vs. other organisms as a genetic model 
x Life cycle of a fruit fly, rearing flies in the lab, sexual differences (Student Handout, Figure 1; 

Additional Resources) 
x Mutations, role of mutations with regards to gene function, mutants vs. mutations, phenotypes of 

mutant fruit flies 
x Mating behavior, definition of “courting” as this term is used to identify candidate genes of interest 

in FlyBase. Show schematic diagram of fly mating behavior (Student Handout, Figure 2) 
x Observing animal behavior: objectivity, measurements 
x Graphing basics: labeling axes, bar vs. line 
x Composition of DNA (nucleotides, chromosome), gene models, DNA>mRNA>protein (information 

flow), genomic annotations 
x Biological databases, model organism databases (MODs), genome browsers 

 

2.  Running the Laboratory: 
 
2.1. Part 1. Observing behavioral phenotypes: Courtship in fruit flies 
Each student should possess a hardcopy of the Student Handout entitled, “Fruit Fly Ethomics & 
Genomics”. Students should know how to “sex” fruit flies since they will differentiate males from 
females (Figure 1) to identify target behaviors. A number of short instructional videos are found in 
“Additional Resources” and should be viewed by students before/during the lab. 

Via online videos, each student pair will observe five male and five female wildtype fruit flies in a petri 
dish for fifteen minutes and record behavioral patterns on the “Behavioral Observation Worksheet”, 
found in their handout.  Videos can be accessed through the YouTube Channel, “Fruit Fly Behavioral 
Videos”: https://www.youtube.com/channel/UCUOoMS6HVnqTQblThcTEsLA 
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Students will attempt to objectively categorize mating behaviors by constructing a basic “ethogram” 
based on the courtship ontologies defined in their handouts (Figure 2). This ethogram should be 
replicated on a blackboard so that each group can share their numerical observations with the class. 
Students will discuss the behavioral phenotypes they observed and will sum and average the 
frequencies of each behavior from each group.  
 

2.2. Part 2. Characterizing behavioral candidate genes using FlyBase 
Replay the video introduction to FlyBase at the beginning of the class (see YouTube link in Additional 
Resources section, below). The features of this online database can also be demonstrated on a large 
screen while students are navigating FlyBase on their computers. In particular, show students how to 
identify and functionally characterize genes associated with known phenotypes. It would be instructive 
to be familiar with FlyBase by spending a 1-2 hours navigating its many portals, prior to the 
demonstration. Students are to choose two genes from a courtship behavior using FlyBase’s 
“Vocabularies” tool, and then investigate each of their genes via their Gene pages and FlyBase’s genome 
browser, “GBrowse”. Students will explore known functional attributes of each gene by exploring 
FlyBase gene summaries including “Gene Ontology” found in each gene page, as well as the 
“Developmental stage subset” track found in GBrowse. Students will then formulate 
questions/hypotheses about the function of their genes of interest. 
If there is not enough time during the class, all exercises in Part 2 (as well as Part 1) can be performed 
outside the lab period, assuming students have access to an internet connection.  

 
3.  Student Evaluation: 
This exercise is meant to demonstrate, firsthand, that a complex phenotypic trait such as mating 
behavior is encoded by multiple genes that can modulate their expression across space (tissue) and time 
(development stage). Students should be evaluated on the answers from their two worksheets 
(Behavioral Observation and Candidate Gene Worksheets): 

1) The quality and precision of their behavioral observations and answers to the questions 
2) The quality of their bar graphs 
3) The student’s ability to identify candidate genes of interest 
4) Understanding the molecular differences between their candidate genes  
5) The student’s ability to address new functional hypotheses about how their genes of interest 

may interact to express a complex phenotype 

 
4.  Additional Resources: 
Wikipedia entry for D. melanogaster: http://en.wikipedia.org/wiki/Drosophila_melanogaster 
 
D. melanogaster sexing quiz: http://www.unc.edu/~abcook18/sexing.html 
 
Mutant courtship videos (D. melanogaster; found in Supplemental Data): 
http://www.sciencedirect.com/science/article/pii/S0092867405004071 
 
Paper on behavioral observation strategies: Altmann, J., 1974. Observational study of behavior: 
Sampling methods. Behaviour 49:227-267 
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Introduction to biological databases: 
http://papadantonakis.com/images/7/79/Introduction_to_Biological_Databases.pdf 
 
Introduction to FlyBase: https://www.youtube.com/watch?v=9GrgWPAp1oM 
 
5.  Answer Key (to Part 2 of Student Handout): 
 
Remember: FlyBase is constantly updating, so answers may not reflect the current release version. 
 
(a) “developmental process”, “reproduction” 
(b) 5,086 bp 
(c) abdominal A, big bang, transformer, loquacious, scarface (and 5000+ others) 
(d) ken[02970]: all flies have abnormal terminalia 
(e) 23 
(f) female reproductive system 
(g) lack of “certain” anatomical features 
(h) protein-coding 
(i) 7,169 bp 
(j) draw a diagram of “ken-RA” from the Transcript track 
(k) embryos_14-16, embryos_16-18, embryos_18-20 (hrs after egg laying) 
(l) Since ken’s phenotype is the absence of female genitalia, we may expect that the gene is normally 
expressed in adult females (e.g., Adf_Ecl_1days) as well as in late developmental stages (e.g., 
WPP_4days). 
(m) TM4SF is directly 3’ to ken, and appears to possess three alternative transcripts. 
(n) D. melanogaster is an example of a model genetic organism 
(http://genome.wellcome.ac.uk/doc_WTD020803.html). With their short generation time and easy care, 
the biology of fruit flies has helped us study many aspects of biology. Even though they are 
invertebrates, they share many common traits and genes with humans and have helped to shed light on 
how our own genetic architecture works. It is amazing how much we know about these little flies, but it 
is also amazing how much of this information pertains to our own development and well-being.  
 
6.  Optional Supplement for Live Drosophila Observations: 
 
In Part 1, online behavioral videos are provided for students to observe and quantify mating behavior. 
For those intrepid instructors who would rather have their students observe live fruit flies, we provide 
the following OPTIONAL instruction. 
 
6.1 List of materials/supplies needed: 
 
1. Wildtype Drosophila melanogaster (wild-caught flies from nature are not recommended due to their 

high activity levels) 
2. Glass vials/jars and cotton plugs/tops 

3. Drosophila food (http://flystocks.bio.indiana.edu/Fly_Work/culturing.htm) 

4. FlyNap (to anesthetize the flies) 

5. Other fly rearing/handling tools such as fine paint brushes 



   

 7 

 

Fruit Fly Behavior  Stanley et al. (2016) 

7 

6. Petri dish (snugly sealed to ensure that flies cannot escape) 

7. Hand lens or magnifying glass (a microscope is preferable) 

8. Timer (a watch or phone would suffice) 
 
6.2 Setting up the lab 

Ordering fruit flies.  Flies from a D. melanogaster wildtype stock (e.g., Oregon-R, Canton-S) are needed 
for behavioral observations. In North America, fruit fly stocks can be ordered from Ward’s Science 
(https://www.wardsci.com) or Carolina Biological Supply Company (http://www.carolina.com). Stocks 
usually take at least 2-3 weeks to receive and at least a few weeks to expand the population size so 
order well ahead of time.  
Fruit fly rearing, maintenance, and handling.  Drosophila can be maintained using minimal effort and 
space (http://flystocks.bio.indiana.edu/Fly_Work/culturing.htm). Flies should be sexed and sorted into 
individual petri dishes before the students arrive. FlyNap anesthetizes the flies for easy handling and 
transferring: http://www.carolina.com/drosophila-fruit-fly-genetics/flynap-anesthetic-kit/173010.pr. 
Refrigerating the flies at 4C for 5-10 minutes also provides an quick and easy way to reduce fly activity 
before handling, but is not as effective. 

 
6.3 Potential problems 
 
1.  A major challenge is to time the observation period for students so that flies are maximally active but 
have not had a chance to begin their mating rituals. Males and females could initially be separated by 
rigging a thin vertical piece of paper across the petri dish: this separator could then be pulled out just 
before the students commence their observations.  

2.  While in the petri dish, fruit flies should have adequate ventilation and not be overheated by direct 
light sources. A few grains of yeast in each arena will also provide the fruit flies with nourishment. 

3.  During the observation period, students should not distract the flies (e.g., no tapping or shaking the 

petri dish). 

More information on how to handle, anesthetize, and sex fruit flies:  
http://www.carolina.com/teacher-resources/Video/how-to-observe-phenotypes-with-drosophila-
melanogaster/tr11212.tr 
 
  



   

 8 

 

Fruit Fly Behavior  Stanley et al. (2016) 

8 

References 
 
Avise, J. C. (2010). Perspective: conservation genetics enters the genomics era. Conservation Genetics, 
11(2), 665-669. 
 
Lachance, J., Vernot, B., Elbers, C. C., Ferwerda, B., Froment, A., Bodo, J. M., Lema, G., Fu, F., Byambo, T. 
B., Rebbeck, T. R., Zhang, K., Akey, J. M., & Tishkoff, S. A. (2012). Evolutionary history and adaptation 
from high-coverage whole-genome sequences of diverse African hunter-gatherers. Cell,150(3), 457-469. 
 
Morrell, P. L., Buckler, E. S., & Ross-Ibarra, J. (2012). Crop genomics: Advances and applications. Nature 
Reviews Genetics, 13(2), 85-96.  
 
Pfleger, C. M., & Reiter, L. (2008). Recent efforts to model human diseases in vivo in Drosophila. Fly, 2(3), 
129-132. 
 
Pierre, S. E. S., Ponting, L., Stefancsik, R., McQuilton, P., & FlyBase Consortium. (2014). FlyBase 102—
advanced approaches to interrogating FlyBase. Nucleic acids research, 42(D1), D780-D788. 
 
Sankararaman, S., Mallick, S., Dannemann, M., Prüfer, K., Kelso, J., Pääbo, S., Patterson, N., & Reich, D. 
(2014). The genomic landscape of Neanderthal ancestry in present-day humans. Nature, 507(7492), 354-
357. 
 
Sokolowski, M. B. (2001). Drosophila: Genetics meets behaviour. Nature Reviews Genetics, 2(11), 879-
890. 
 
Stearns, S. C., Govindaraju, D. R., Ewbank, D., & Byars, S. G. (2012). Constraints on the coevolution of 
contemporary human males and females. Proceedings of the Royal Society of London B: Biological 
Sciences, 279, 4836-4844. 
 
 


	ABSTRACT
	ACKNOWLEDGMENTS

